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ABSTRACT
THE EFFECT OF ELECTRICAL STIMULATION OF THE DORSAL RAPHE
NUCLEUS ON LOCAL CEREBRAL GLUCOSE METABOLISM AND
EPILEPTOGENESIS IN THE RAT
by
Clifford C. Douglas
Anatomic connections between the dorsal raphe and the hippocampus
have been described in the literature; however, the understanding of the
functional importance of these connections is not complete. In these studies the
"functional" raphe-hippocampal pathway was elucidated first by the 2-deoxy-dglucose (2-DG) method, and second by the effect of dorsal raphe electrical
stimulation on kindled seizure in the rat. In the 2-DG study, differences in local
rates of cerebral glucose metabolism were quantified. The pattern of 2-DG
uptake differed significantly from controls (animals with electrodes placed and
not receiving an electrical stimulus) and subjects stimulated in the pontine oral
reticular formation. The dorsal hippocampus CA1&2 responded with an
increase over control values of 87%, dorsal hippocampus CA3&4 of 68%, the
dentate gyrus of 83%, ventral hippocampus: CA1&2 of 71% and CA3&4 of 67% (p
< 0.01). This study thus showed that the dorsal hippocampus responds to dorsal
raphe stimulation more readily than the ventral hippocampus, and that the
lacunosum-moleculare layer of the dorsal hippocampus had a significant
increase in metabolic rate following dorsal raphe electrical stimulation.
Among extrahippocampal structures, the nucleus accumbens had the
highest value for glucose uptake during dorsal raphe stimulation, an increase
over controls of 118%. Other structures showing marked increase in glucose
metabolism were: the medial forebrain bundle(MFB) = 68%, the cingulate bundle

= 54%, the lateral septal nucleus = 41%, the diagonal band of Broca = 31%, the
reticular thalamic nucleus = 49%, and the dorsal medial amygdaloid nucleus =
23% (p < 0.01). pontine oral reticular formation (PORF) 2-DG uptake patterns
were markedly different from dorsal raphe stimulated and control animals.
Kindled animals also exhibited specific changes in various seizure indices
that are related to the efficacy of seizure inhibition. Hippocampal kindled
animals revealed an increase in afterdischarge threshold, a decrease in seizure
severity, a decrease in seizure duration, and a greater number of stimulations
required to generate afterdischarges. Dorsal raphe-stimulated-amygdala-kindled
animals showed similar changes in seizure indices from control animals but the
inhibitory effect was not as great as the dorsal raphe effect on hippocampalkindled seizures. Moreover, dorsal raphe electrical stimulation generally
decreased the postictal period of behavioral depression.
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CHAPTER ONE
INTRODUCTION

Clinical studies show that there are individuals diagnosed with epilepsy
who experience seizures during predominant states of vigilance, the period of
wakefulness vs. the period of sleep. This suggests that the influence of the raphe
nucleus may in some way bias epileptogenic activity in these individuals
10,34,37,40,62,136

The onset of sleep and the modulation of the sleep/wake cycle is related to
the function of the raphe nuclei 32. For example, in unanesthetized animals it has
been shown that the serotonergic neurons of the dorsal raphe are most active
during waking arousal. These neurons exhibit decreased firing during the
waking state, show less activity during slow-wave sleep, and exhibit no tonic
activity during REM (rapid eye movement) sleep 32.
Much of our present knowledge concerning the functional role of
serotonergic efferents to the forebrain is based on gross behavioral studies, in
which the raphe nuclei were stimulated or ablated, and the consonant changes in
response to this manipulation was observed16'17,21/22/81'82,107.

1

2

The Raphe Nuclei
History of Raphe/Reticular Formation Functionality
For many years the elements of the brain stem reticular formation and its
associated discrete nuclei have been implicated in sleep, arousal, and
wakefulness 44/81'82/108. Briefly reviewing these early studies we see that
brainstem mechanisms of sleep induction were first attributed to the lack of
activation of forebrain structures by the brainstem 21/22, thus lending credence to
the concept that sleep is a passive event, i.e., sleep is the direct result of
diminished brain activity. This concept was substantiated by the work of
Frederick Bremer with his encGphale isote and cerveau isote preparations, which
showed that decreased afferent input into the forebrain induced sleep, hence the
term "ascending reticular activating system ••21,22
Subsequently, in a more precise set of experiments, it was discovered that
stimulation of a discrete set of nuclei within the "seam" of the ventral Sylvian
aqueduct (cerebral aqueduct), the so-called raphe nuclei, would induce a state
similar to that of natural sleep 16 . Accordingly, destruction of the raphe nuclei
would greatly prolong the period of wakefulness and profoundly influence the
appearance of events that normally were manifest during the full sleep cycle
38,41,49,50

. Consequently the raphe nuclei were now thought of as the" sleep

inducing center" 81,82
Since then, it has been discovered that the raphe system of nuclei
represents the major serotonergic complex of the central nervous system. This
serotonergic system distributes its efferents widely throughout the forebrain,
similar in this respect to ascending reticular formation efferents in general31'67-
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70,96,115,116,129,151,155,156 ^

central nervous system, the neurons that synthesize

serotonin are those that specifically contain tryptophan-5-hydroxylase.
'The nuclei raphe dorsalis (the B7 group) project to the neocortex, pyriform
cortex, olfactory bulb, neostriatum, thalamus amygdala, hippocampus,
substantia nigra, and locus ceruleus. The nucleus centralis superior (B8)
projects to the cerebral cortex, hippocampus, suprachiasmatic nucleus,
anterior hypothalamic area, medial preoptic area, arcuate nucleus, and the
nuclei raphe dorsalis. The nucleus raphe magnus (B3) projects to the
medulla and the dorsal horn of the spinal cord. The nucleus raphe
obscurus (B2) and the nucleus raphe pallidus (Bl), which contain substance
P, project to the intermediolateral cell column and ventral horn of the spinal
cord. Many of the raphe nuclei project to the ependyma lining the
ventricles of the brain, the pia and the arachnoid sheath" 39/71.
A more precise anatomical course of the ascending raphe system of
neurons has been confirmed by various tract tracing methods, such as amino acid
autoradiography, axon degeneration studies, horseradish peroxidase (HRP), and
so forth13/14/17/18/31/35/36/96/103. The functional implications derived from these
anatomical studies are not yet clear. Attempts at characterizing the functional
role of the projecting system of neurons involved in the states of vigilance are
partly established when one relates the knowledge of anatomic topography, and
known function within that topography, with the presence of terminals from the
raphe. This difficult and tenuous exercise predisposes the ascending raphe
system to conclusions based on a limited number of facts, e.g., although the
raphe is seen to provide afferent input to structure X when injected with tracer Y,
we cannot infer function from the presence of the transported substance in/at the
end site. Although the anatomy is delineated, the physiology or functional
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significance of that anatomy remains open to conjecture. Statistical studies
showing the relative number of terminals from the raphe would suggest the
importance of serotonergic input relative to other inputs to a given terminal field;
indeed structure does determine function. Electrophysiologic studies that show
that reticular formation stimulation in general, and raphe stimulation in
particular, results in the occurrence of evoked potentials in many structures
7,36,53,54,58,59,67-70 .

While this adds greatly to the framework of anatomical raphe

studies, it still does not provide information concerning the relative functional
importance of dorsal raphe input to a given area relative to other inputs. How,
then, may one assess the importance of electrical potentials in a terminal field
without knowledge of the influence of the stimulated structure on intermediary
nuclear groups, or of collaterals that may ultimately influence the appearance of,
or characteristics of the measured potentials? The answer to such a question
requires higher-level functional studies, such as the ones described in this
dissertation.
Anatomy of the Raphe Nuclei
General anatomic considerations
By definition the raphe nuclei include all those nuclear groups found
within the "seam" of the midsagittal plane in the brainstem (medulla, pons, and
midbrain). These nuclei are separated from lateral or parasagittal structures by
fiber pathways, which delineate them as "nuclei of the raphe" 115. This definition
also includes functional considerations. There are nuclei which may satisfy the
literal locative nomenclature which are nevertheless excluded because they share
little principle functional relationship with the majority of raphe nuclei, or
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because their projections are wholly unrelated to and/or are grossly dissimilar
from raphe projections. An example of such a structure is the interpeduncular
nucleus 151. Probably the most authoritative for reticular formation terminology
are the papers of Olszewski and colleagues (1949,1954). Their terminology and
descriptions were of the reticular formation in humans and rabbits 101,m.
Realizing the need for the characterization of the cytoarchitecture of the raphe
nuclei in the rat, Petrovicky undertook the task of elucidating these nuclei within
the context of the modem terminology 115/116'. We shall use this terminology
where appropriate throughout this work.

The anatomy of the dorsal raphe
The raphe system of reticular formation nuclei extends throughout the
entire brainstem. This system has been divided into a "raphe" part which
consists of unpaired midline nuclei, and a "para-raphe" part with its paired nuclei
close to the midline. The raphe part consist of two distinct regions: a caudal
region in the medulla, and a rostral region in the pons and midbrain. The
nucleus raphealis dorsalis (dorsal raphe) is found in the caudal region of the
midbrain. In the rat this non-paired nucleus is localized within the
periaqueductal gray just beneath the median sulcus of the cerebral aqueduct and
the rostral portion of the fourth ventricle.

Structural environs of the dorsal raphe
Notable neuronal pathways passing in the vicinity of the dorsal raphe are:
dorsally, the fibers of dorsal longitudinal fasciculus (of Schiitz); ventrally, the
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crossed efferents of the dorsal nucleus of Gudden m; the medial longitudinal
fasciculus (MLF), and the brachium conjunctivum; and laterally the central gray.

Raphe pathways
The first anatomical indication that the raphe system of nuclei provides
efferents that ascended to telencephalic structures, or at least beyond the rostral
extent of the brainstem was given by Cajal in 1909-11, when he described its
contribution to the fasciculus longitudinalis posterior 24. In an effort to
circumvent the interpretive ambiguities inherent with degeneration studies,
Conrad et aL, injected radiolabeled amino acids into the dorsal and medial raphe
area 31. Because the amino acids are taken up only by the neuron soma, labeled
cells should not include those which have axons or fibers en passage at the
injection site 35. In this particular study, the labeled amino acid was presented to
both the dorsal and the median raphe nuclei. It was found that raphe efferents
traversed the medial forebrain bundle(MFB), and joined the columns of the
fornix, diagonal band of Broca(DBB), stria terminalis and stria medularis. Some
of the raphe fibers in the fornix entered the fimbria of the hippocampus and from
there some entered the hippocampus. The amygdala appeared to receive diffuse
raphe input via the MFB, with the medial and cortical amygdaloid nuclei
receiving the predominant input31. A proportion of fibers traveling in the MFB,
which then contributed to the DBB, terminated in the medial and lateral septal
nuclei, the medial septal nucleus receiving the heavier projection.
In another amino acid autoradiographic study utilizing H3-proline, more
precise injections were performed, in either the dorsal or the median raphe14.
This more precise approach was indicated because, as the authors pointed out.
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"recent studies [have] shown that the dorsal and median raphe nuclei have
differential projections"14. This study showed that the MFB subdivisions of
ventrolateral and ventromedial bundles carry the respective dorsal raphe and
median raphe projections. It was found that the median raphe projects to the
medial septum, anterior hippocampus, and the cingulate bundle with the
adjoining indusium griseum. The majority of the cingulate fibers then pass
around the splenium of the corpus callosum to enter the dorsal entorhinal cortex,
extending between the stratum radiatum and stratum lacunosum-moleculare of
the CAi region of the hippocampus, and ending in the polymorphic area of the
hippocampal dentate gyrus14. This pattern of labeling was predominant in the
dorsal hippocampus. It was also noted in this study that the dorsal raphe
contribution to the hippocampal formation was via the pyriform cortex, through
the ventral subiculum into the molecular layer of the dentate gyrus via the
perforant path. Dorsal raphe labeling was more dense in the ventral
hippocampus than the dorsal hippocampus. Fig. 1. indicates the serotonergic
pathways to the forebrain 39.
It has also been shown via amino acid autoradiography with tritiated
proline, and also lesion studies 103, that axonal transport of the labeled protein
travels mainly via the cingulum or the fornix to the hippocampus, with the
cingulum contributing its component raphe fibers mainly to the dorsal
hippocampus, and the fornix to the entire hippocampus. It was also noted that
some fibers that reach the ventral hippocampus do so by way of the entorhinal
area. Labeling was restricted to CAi stratum lacunosum-moleculare, with
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Figure 1. A schematic diagram illustrating the distribution of the main serotonin
containing pathways in the rat central nervous system. Med. Long. Fasc. =
medial longitudinal fasciculus; Stria Medul. = stria medularis; MFB = medial
forebrain bundle; Ext Capsule = external capsule; B1 = nucleus raphe pallidus;
B2 = nucleus raphe obscuris; B3 = nucleus raphe paragigantocelularis; B4 =
nucleus raphe magnus; B5 = nucleus raphe pontis; B6 and B7 = nucleus raphe
dorsalis; B8 = nucleus centralis superior; B9 = nucleus tegmenti reticularis pontis
and adjacent tegmentum 32>39.

smaller contributions to CA2 and CA3, and also the dentate gyrus in the hilar
zone beneath the granule cell layer103. In the same study, it was shown that after
midbrain raphe destruction (particularly the nucleus centralis superior, but
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including part of the dorsal raphe, periaqueductal gray, periventricular gray, the
nucleus pontis oralis, and nucleus reticularis tegmenti pontis) there was a 72%
decrease in serotonin content within the hippocampal formation, indicating that
the serotonergic input to the hippocampus is primarily from the midbrain raphe
nuclei103.

Neurochemistry and Receptor Physiology
Serotonin, also known by its chemical name 5-hydroxytryptamine (5-HT),
acquires its name from the observation, in 1868, that after blood clots, the platelet
aggregate releases a substance into the serum which causes an increase in
vascular tone 112. Serotonin is the first neurotransmitter to appear in the
developing rat (8 days gestational age) 88. It does not readily cross the blood
brain barrier; hence, intracerebral 5-HT is produced from dietary L-tryptophan,
an amino acid. Thus increased plasma levels of L-tryptophan are known to result
in an increase in the brain serotonin concentration. L-tryptophan is bound to
plasma proteins. Therefore, displacement from these binding sites results in a
relative increase in serum L-tryptophan levels, and ultimately brain serotonin
levels (as occurs following a large fatty meal). Hydroxylation of tryptophan via
tryptophan-5-hydroxylase into serotonin is the rate-limiting synthetic step. This
is accomplished by calcium-dependent phosphorylation, and the enzyme is
activated by depolarization in a frequency-dependent manner. It is inhibited by
p-chlorophenylalanine (PCPA). Depolarization also causes the release of 5-HT via
exocytosis. Inactivation of the neurotransmitter is via reuptake and degradative
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metabolism by monoamine oxidase-A (MAO-A) to 5-hydroxyindoleacetic acid(5HIAA) 32'71.
Receptor binding studies have provided insights into the presence
(distribution) and actions of serotonin. Based on these studies, five main types of
serotonin receptors have been characterized. The 5-HT^ receptor in the
hippocampus inhibits adenylate cyclase (Fig. 3). The S-HTig receptor "found in
high density in the striatum"71 is an autoreceptor. The S-HTjc receptor is found
in the choroid plexus, and increases the turnover of phosphoinositide (Fig. 2).
The 5-HT2 receptors are found in high density in the neocortex, hippocampus,
and cardiac and smooth muscle; in these sites they also increase the turnover of
phosphoinositide. The 5-HT3 or 5-HTm receptors represent three serotonin
receptors found to have functional import in sympathetic neurons, vagal
afferents, and sensory fibers71.
On most neurons the post-synaptic effect of serotonin is inhibitory. However, on
some neurons it is excitatory, and on others it "facilitates excitatory actions .<30,71
In the hippocampus the serotonin receptor-mediated effect is mixed, due to the
differing receptor subtypes involved, their relative distribution, and their cell
membrane densities. Also, the effect of serotonin secondarily leads to the release
of dopamine, norepinephrine, and/or other substances with all their consequent
effects. Therefore serotonin release leads to a complexity of action. For example,
serotonin decreases hippocampal firing via an increase in potassium conductance
which is calcium-independent, and which is mediatedby the S-HT^a receptor via
a G-protein (Fig. 3). But, serotonin also suppresses a calcium-dependent
potassium conductance, leading to increased firing in response to
depolarization, possibly mediated by S-HT^b receptors 71.
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Figure 2. The phosphatidyl inositol (PI) second messenger system. Binding of
the ligand to its membrane receptor stimulates phospholipase C (PLC), which
converts PI into diacylglycerol (DAG) and inositol phosphate (IP). DAG activates
protein kinase C, IP causes the release of non-mitochondrial intracellular Ca++
which activates calmodulin-dependent protein kinase (CAM kinase) which
phosphorylates specific intracellular substrates 146.

To understand how raphe neurons mediate changes in neuronal signaling
characteristics, we shall review current knowledge concerning the way that
serotonin modulates cellular excitability. As noted in the preceding paragraph,
the effect of serotonin is not singular. Indeed, the actions of this
neurotransmitter/neuromodulator are varied, and may be expressed in quite
divergent experimental paradigms. For example, using voltage clamp
neurophysiological methods and selective ligand specific serotonin receptor

12
subtype moieties, Colino and Halliwell were able to clarify the mechanism of
action of serotonin on CAi neurons of the rat hippocampus, which receives rich
serotonergic innervation 14'30'103. They found that the calcium-independent
current is responsible for hyperpolarization, and is inhibitory (reduces
spontaneous neuronal discharge). This inhibitory hyperpolarization appears to
be the result of an increase in potassium current (Ik) outward (an effect similar to
that of the GABAb agonist baclofen, and adenosine). This serotonin-mediated
hyperpolarizing outward potassium current occurs irrespective of the absence or
presence of calcium in the bathing medium, and exhibits a reversal of
conductance direction between membrane potentials of -95 and -85 mV.
It is noteworthy that serotonin has been found also to have another action
on the hippocampal CAI neuron, a reduction of "long lasting hyperpolarizations
(AHPs)" that usually are seen following firing triggered by depolarizing current
stimulations, and are the result of an increase in calcium current (ICa++)30 • It has
been recognized that the latter inhibitory action of serotonin is not secondary to
its inhibitory action on spike generation mediated by increased Ik, be., maximal
activation of the agonist-induced K-conductance that occurs with electrical
stimulation. Rather, it is thought that the long lasting hyperpolarization is the
result of Ca++ entry into the neuron during action potentials, reducing prolonged
neuronal discharge, and resulting in "accommodation of spike discharge". This
serotonin-induced change in membrane calcium flux is mediated by a different
and as yet undefined receptor 30.
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Transmitter release and neuropharmacology of dorsal raphe neurons
"Dorsal raphe neuron" recordings were made in in vitro slices of the rat
brain by Vandermaelen and Aghajanian 157. The nature of the action potential
was described as triphasic, with a slow steady discharge rhythm, 1.8 ms
duration, l-3Hz, and a long lasting afterhyperpolarization (200-800 ms), which
was of large amplitude (10-20 mV). These neurons were inhibited by serotonin
and lysergic acid diethyl amide (LSD), and excited by norepinephrine (NE) and
the alpha agonist, phenylephrine. All of these pharmacologic activations were
blocked by the alpha 1-antagonist prazosin. The main difference between this
study and in vivo studies is that the spontaneous activity of the dorsal raphe
neuron is decreased in vitro, probably due to the lack of NE input from the locus
ceruleus and from ascending sensory systems 36'157.
Physiology of Dorsal Raphe Neurons
Tonicity/firing pattern
The anatomic connections from the dorsal raphe to the limbic forebrain
have been discussed above. We shall now consider briefly the physiologic effect
of dorsal raphe stimulation on these sites.
Electrophysiological studies have shown that, in general, dorsal raphe
stimulation results in characteristic and predictable evoked field potentials
within the hippocampus. That the dorsal raphe influence on the hippocampus is
significant is bom out when one realizes that of the seven structures recorded
from (caudate, septum, habenula, thalamus, cerebellum, olfactory bulb, and
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hippocampus, all known to receive raphe afferents) the hippocampal evoked
potentials had the highest amplitude 7. Median raphe stimulation has also been
shown to affect hippocampal potentials 36.
The dorsal raphe nucleus has a marked inhibitory influence upon neurons
of the amygdala via a direct dorsal raphe-amygdala pathway. Both electrical
raphe stimulation and iontophoretically applied serotonin "markedly" inhibit
amygdala neurons161. Latency-to-effect is short, and accounted for by a
conduction velocity consistent with that of the unmyelinated serotonin pathway.
Destruction of the serotonin neurons by 5,7-dihydroxytryptamine, or depletion of
serotonin by PCPA, abolishes the raphe-stimulation-induced inhibitory
responses 118,161. In PCPA-treated animals, 5-OH-tryptophan restores the
inhibition161. The experimental work of Wang and Aghajanian showed that the
most effective electrical stimulation of the dorsal raphe, in terms of maximal
turnover of 5-HT in the forebrain, has a stimulus frequency of 10 Hz. In terms of
electrode localization, placements which are 1.5 mm lateral to the midline failed
to produce dorsal raphe inhibition of basal lateral amygdala neurons (in some
cases, it caused frank facilitation). It was also found that "the most effective
stimulation sites for the elicitation of inhibitory responses of cells in the
amygdala extends from the ventral pole of the dorsal raphe nucleus (where
axons originate) to the midline area ventral to the decussation of the superior
cerebellar peduncle." Because the distance between the dorsal raphe nucleus and
the basal lateral amygdaloid (BLA) nucleus in the rat is approximately 8 mm,
and antidromic stimulation of the BLA results in dorsal raphe nucleus activation
with a short latency, conduction velocity has been estimated to be between 0.51.5 m/sec (characteristic of an unmyelinated pathway). The observed latency of
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antidromic response coincides with the interpretation that this is a monosynaptic
pathway161.
The hippocampal response to serotonergic input is somewhat more
complex than that noted above for the amygdala. In 1975, Segal showed that rat
hippocampal pyramidal cells responded to iontophoretic application of serotonin
with inhibition of spontaneous bursting activity (92% of cells sampled). He also
stimulated the dorsal and medial raphe, and evoked a similar inhibitory response
in 48% of anterior hippocampal pyramidal cells sampled. This stimulationinduced inhibition was blocked by administration of PCPA, the serotonin
synthesis inhibitor. Chlorimipramine, a serotonin reuptake blocker, was shown
to potentiate the neuronal responses to electrical stimulation of the midbrain
raphe (dorsal or medial). Particular characteristics noted in this study were that:
1) nonbursting cells within the hippocampus were inhibited less frequently than
bursting cells (CA3, CA2, or CAi); 2) the predominant response to dorsal raphe
stimulation was a simple long-latency inhibition (latency over 100 msec, and
duration 200-400 msec); 3) the response to median raphe stimulation was much
more heterogeneous than dorsal raphe responses (four types observed: a) early
excitatory; b) early inhibitory; c) late inhibitory; and d) oscillation); 4) several
subjects had electrodes placed in the vicinity of the raphe nuclei (in this study the
relative numbers of dorsal raphe placements were as follows: median raphe = 27;
dorsal raphe = 8; "outside the raphe nuclei" = 24). Among these, a long-latency
inhibitory response was never observed; 5) sectioning of the cingulate bundle
resulted in a complete block of the observed stimulation-induced inhibition; 6)
the predominant common response to stimulation of both the dorsal raphe and
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median raphe was the long-latency inhibitory response. This inhibition seems to
be the major effect of raphe stimulation 36/135.
Serotonin-depleted hippocampal responses are restored to normal when
midbrain raphe neurons are grafted into the depleted hippocampus 124. The
response noted is the dentate gyral response to parenterally administered Dfenfluramine, a serotonin releasing drug, which is manifested by an increased
population response to perforant-pathway stimulation and by suppression of
spontaneous dentate gyrus activity124

The Hippocampus
General Anatomic Considerations
With the possible exception of the cerebellar cortex, the hippocampus is the
most studied and best understood cortical region in terms of functional anatomy
79,84 Its anatomic simplicity with its well-defined layers with relatively
homogeneous functional elements, make this limbic structure ideal for study.
Because the hippocampal anatomico-functional characteristics are well described
in the literature, they will not be described in detail here, except to define several
fundamental terms 2,6,15,24,25,51-53,57,79,83-85,91,92,133,150,169.
The hippocampal formation consist of four major subdivisions: the
entorhinal cortex, the subicular complex, Ammon's horn (hippocampus proper),
and the dentate gyrus 150. The term hippocampus, however, can more generally
refer to Ammon's horn and the dentate gyrus (fascia dentata) together. In the rat
(and other mammals with "linear" cerebri) the dorsal hippocampus relates to the
hippocampal formation when it is positioned solely in the upper half of a cross
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section of the cerebrum that has been bisected by an imaginary line along the
horizontal, i.e., a line that would divide a coronal section into equal upper and
lower halves, (this distinction may correspond to "frontal hippocampus" by
others). The term ventral hippocampus relates to the remainder of the
hippocampus after >30% of its crossectional area is located inferior to the
imaginary line mentioned above (some have referred to this part of the
hippocampal formation as the "temporal" part). Be aware, however, that dorsal
and ventral hippocampus are not exact in their delineation, and that this
delineation depends on the cross sectional plane. Despite this terminological
inexactitude much evidence has been presented to show that the dorsal and
ventral hippocampal formation do have differential functional and anatomical
characteristics (afferents, efferents, and substructural detail)149.
Epileptogenesis
The hypothesis tested by this study is that the dorsal raphe is an important
modulator of seizure activity in both the hippocampus and the amygdala. To
better understand how serotonin might influence epileptic neurons, a review of
the mechanisms of epilepsy follows.
Mechanisms of Epileptogenesis
Microcellular mechanisms of epileptogenesis
Introduction: The field of neurophysiology has in recent years yielded much
information and observational details concerning the mechanisms of
epileptogenesis. Various mechanisms have been proposed. Most, however, are
statements of conjecture and speculation based on related neurophysiological
and neurophysical observations that are phenomenological in nature. We shall
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now delve into the works of investigators who have presented current and
significant information contributing to the understanding of the cellular
neurophysiological and neurophysical characteristics involved in the generation
of epileptic activity. Our aim is to present the relevant details of experimental
design, and the conclusions drawn, based on various methodologies. Accoutered
with these findings, we will then propose an integrated view of the mechanisms
of epileptogenesis.
The importance of the repetitive firing characteristics of "epileptic"
neurons is indicated by several studies. Calvin and Sypert accounted for the
repetitious spiking nature of epileptogenic neurons in terms of known neuron
coding properties 28. As little explanation as possible was based on abnormal or
pathological characteristics of the primary epileptic neuron aggregate, which is
the point of seizure emanation. Thus the authors founded their argument on the
characteristic response of the neuron to a relatively long-lasting depolarization
above firing threshold ( for example, the spike frequency, which is proportional
to the magnitude and duration of depolarization level).
The main characteristics of spontaneous spike burst as seen in recordings
of neurons of the cortical epileptogenic focus were studied by Calvin and Sypert
28. During periods between seizures (interictal), when no overt behavioral or
EEC signs of seizure activity were observed, these neurons produced spikebursts at high frequencies (200-500/sec) and at 5-40 msec duration. This
bursting activity resembles that of human epileptogenic foci27'28. Such epileptic
burst firing induces neighboring initially-normal neurons to themselves become
bursting neurons. This is the neuronal event central to epileptogenesis.
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The relevance of epileptogenic neuronal firing to the recruitment of
extended neuronal aggregates, and conversion of the interictal non-propagated
burst activity to propagated excitatory events involving expanded multi
neuronal pathways is also of prime importance in the understanding of the
epileptic disturbance. The characteristics of spontaneous spike burst are: 1) the
frequency-to-current (f-I) relationship, where the frequency of the spike train is
dependent upon the magnitude of the sustained depolarizing current applied to
the nerve membrane. This phenomenon is likened to a "relaxation
oscillator" (Appendix I) which shortens the interspike interval in proportion to
the rise in membrane postsynaptic potential (a net rise in depolarizing current)
which in this respect is similar to a current-controlled oscillator. It should be
noted that the constant of proportionality is a special property of the particular
neuron involved. Because of adaptation, the history of previously applied
stimuli is also important to the conversion of input-output theory; 2) the firing
rate to depolarization conversion by postsynaptic potential summation. This
concerns the proximity of arrival, in time (temporal), of postsynaptic potentials
(PSPs) from presynaptic inputs onto the postsynaptic membrane. The
relationship is: the greater the spike frequency of the presynaptic neuron, the
greater the resulting postsynaptic potential; 3) envelope rise time. This is
important because it represents the amount of time, after addition of the
depolarizing current, required to raise the membrane potential to 87% of its final
"activated" membrane potential. This is also a specific characteristic of the
particular neuron studied, and is estimated to be 2i (where x = time constant). In
other words, envelope rise time is twice the time it takes the membrane potential
to reach of the steady state mean depolarization (Vm) = 87%, thus t = 2x; 4)
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spatial summation. This concerns the summation of synaptic inputs localized in
close functional and anatomical proximity in space.
Ultimately, factors which affect burst recruitment will alter the epileptic
activity of a primary epileptic neuron. For example, if there are wide-spread
connections throughout the brain, rather than compact, high-density, neuronal
inputs, the likelihood of spatial and temporal summation will be decreased, and
accordingly there will be a decrease in epileptogenicity, or the ability of primary
epileptic neurons to recruit additional neuronal aggregates. Also, biasing effects,
as exemplified by influences of the "reticular activating system", and possibly
also the raphe nuclei, may either impede or enhance the influence of primary
epileptic neurons on downstream neurons, thus either decreasing or increasing
the likelihood of seizure propagation. Synchronizing entities, such as inhibitory
interneurons, can paradoxically enhance bursting activity by optimizing
simultaneous bursting inputs. Thus temporal and spatial potentiation is favored,
maximizing the excitatory synaptic influence on secondary neurons.
One may ask how an inhibitory neuron can enhance synchronized spiking,
and thus epileptic activity? As can be seen in Fig. 4., if a neuron impulse causes
excitation of neuron A, it will activate the inhibitory interneuron via collaterals,
which will in turn inhibit not only the original neuron A, but other neurons in the
epileptic aggregate, B and C. The net effect will be that of simultaneous
inhibition of neurons A, B, and C.
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Figure 4. Illustrates the effect of feedback inhibition on a number of homologous
neurons. The excitation of neuron A results in activation of the inhibitory
interneuron X which not only inhibits neuron A but other neurons of the same
type in the vicinity. The result is simultaneous inhibition of neuron A, B, and C,
followed by a simultaneous release from inhibition of these three neurons which
would result in a burst of activity from the neuronal aggregate 27>28.

Hypothetically, if neurons A, B, and C all have similar functional
characteristics (t, chronaxie, rheobase, relative and absolute refractory periods)
and inhibitory neuron X has a longer refractory period than A, B, and C, then
after the completion of the activation of neuron X, the activity of neurons A, B,
and C will be released from inhibition simultaneously, thus permitting a
simultaneous aggregate response from neurons A, B, and C. As previously
argued, this will increase the likelihood of spike generation and bursting on
secondary epileptic neuronal aggregates.
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This scheme can thus account for the propagation of epileptic "burst"
activity from the malfunctional primary epileptic focus ("recruiters",
"pacemakers", or "epileptogenic neurons") to the normal secondary epileptic
focus ("recruited", "followers", or nonepileptogenic neurons) that respond to the
received abnormal epileptic burst activity as it would respond to normal
neuronal activity.
The cellular mechanisms underlying interictal epileptogenesis in an in vitro
slice preparation of the guinea pig neocortex was studied by M. J. Gutnick et al.
in 1982 72. Epileptiform activity was induced with either penicillin or bicuculline,
each of which blocks the normal IPSP in normal EPSP-IPSP-coupled events. Thus
under the influence of these drugs, electrically induced EPSP's were able to
trigger regenerative bursts. Careful intracellular electrophysiologic observations
with respect to the epileptic events revealed the findings described below.
Experimentally induced epileptogenic foci demonstrated that during each
paroxysmal electroencephalographic event there occurs a prolonged largeamplitude depolarization shift (DS) "which is usually seen to precede the
EPSP"72. The depolarization shift was found to be in synchrony with all related
neurons in that particular functional-anatomical aggregate.
The application of penicillin to neocortical slices failed to induce changes in
membrane potential (Vm), membrane resistance (Rm), or the activation
threshold, although the convulsant did cause changes in stimulus-evoked
membrane responses. These changes consisted of an increase in depolarization
duration, and a higher depolarization amplitude, in response to a stimulus of
constant strength. These increases led to the generation of spike activity by a
stimulus that otherwise would have been subthreshold. It was noted that these
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depolarization potentials, with their longer duration and increased amplitude,
closely resembled the depolarization shifts seen in acute epileptogenic foci in
vivo.
Important characteristics of the depolarization shift are its large amplitude
(20-50 mV) and its long duration (50-3000 msec.). Importantly, the depolarization
shift never occurs spontaneously in vivo, i.e., without an electrical stimulus,
whereas spontaneous depolarization shifts are almost always observed in vitro.
Whether in vitro or in vivo, the depolarization shift usually triggers a burst of fast
spikes. There also exists a latency of depolarization shift onset after the
stimulation, which is dependent upon the stimulus parameters (frequency and
magnitude). The magnitude of the depolarizations (spikes), however, remains
constant regardless of the magnitude of the depolarization shift. Thus the
depolarization shift is necessary for the initiation of propagated spike bursting
activity which is a characteristic of the epileptogenic focus.
The reader will note that while much work has been done in the way of the
characterizing synaptic phenomena responsible for recruiting neuronal bursting
activity, little light has been shown on the mechanisms that initiate this neuronal
activity (the depolarization shift). Gutnick et al., recognizing that the afferent
input (or polyspike paroxysmal activity) necessary for the realization of the
depolarization shift had eluded them, stated the following.
"Our data do not identify the cellular elements and underlying mechanisms
that bridge between the initial, normal, cellular response and the
subsequent, paroxysmal, population event. They do however allow us to
speculate 72."
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Gutnick speculates that the mechanisms responsible for initiating the
paroxysmal event (the depolarization shift) reside in the intrinsic membrane
properties of a "distinct subpopulation of neurons" which drive the rest to the
aggregate synaptically11. They feel that this "depolarization shift neuron" must
have the following characteristics: 1) the capacity for generating burst activity
(all or none) when synaptically activated in the presence of penicillin or
bicuculline; 2) the outputs of these neurons must provide powerful excitatory
synaptic input to the remaining neurons in the primary epileptic aggregate; 3)
the neuron must be closely interconnected with homologous neurons in the
aggregate such that regenerative burst activity in one neuron will increase the
likelihood of bursting activity in other neurons of the same functional type
(Fig. 5). A specific example of this type of activation is seen in the cornu
ammonis (CA) fields of the hippocampus.
A mathematical-anatomical-physiological model for the cellular
mechanisms of epileptogenesis using the specific example of the hippocampus
has been proposed72. This model is based on the known organization of the CA2
and CA3 regions of the hippocampus, from which individual pyramidal cells
were studied. It was found that the pyramidal cells have random excitatory
interconnections, and are also interconnected by inhibitory intemeurons. It was
also noted that each pyramidal neuron receives excitatory inputs from an average
of five other pyramidal cell neuronal processes. It was estimated that each
synapse of this kind could elicit l/7th the post synaptic current necessary to
cause the postsynaptic neuron to exhibit bursting activity11.
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It should be noted again that penicillin decreases the strengyth of the
inhibitory synapses of the pyramidal cell interneurons (a "disinhibiting agent")When the inhibitory synaptic strength is reduced below some critical level, a
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population of neurons exhibits synchronous discharge when a stimulus is
applied to any four neighboring cells. There is an 80 msec, delay to the peak
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number of cells bursting, due to the time required to recruit a follower
population 72.
Thus at least two predisposing conditions must be met for a group of
neurons to act as an epileptogenic focus: 1) the strength of the inhibitory
connections must be reduced below some critical level; and 2) excitatory afferents
must produce strong and sustained excitatory activity.
It has been shown that there is a post-burst (after the depolarization shift),
calcium-mediated, slow K+ conductance which limits the frequency of spikes
within the burst of the follower-neuron population. This afterhyperpolarization
is suspected to be the main determinant of synchronous burst activity frequency
in the "following" neuronal aggregate11. Because CAi cells are not mutually
excitatory (having no excitatory collateral input) they do not exhibit spontaneous
synchronous bursting when isolated from CA2-CA3 pyramidal cells 72 (Fig. 10).
What is the role of y-amino butyric acid (GABA) in seizure suppression,
and how does this role relate to recruiting synaptic events in the seizure focus?
Ross and Craig set out to study the relationship of benzodiazepines in facilitating
post-synaptic GABA activity 126. This facilitation of inhibitory input suppresses
the genesis of seizure activity125. The converse is seen with penicillin
administration, where application inhibits the inhibitory inputs onto
epileptogenic cells, thus favoring epileptic initiation.
These investigators studied the effect of electrical stimulation leading to a
generalized seizure on the affinity of GABA receptors in the cerebral cortex and
hippocampus. They found that 15 and 30 minutes after a seizure-evoking
stimulation there was respectively a 37% and 45% increase in GABA binding.
They determined that the increase in GABA binding was due to an increase in
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the number of binding sites (Bmax) rather than an increase in affinity of the
binding sites; the dissociation constant (Kd) remained unchanged regardless of
seizure induction (Fig. 6).
A point of particular interest is their finding concerning the changes in
GABA binding affinity seen in the hippocampus. Briefly, there were none! That
is, there was no change in either Bmax or Kd- This supports the well- known
observation that the hippocampus is predisposed for seizure activity. A word of
caution should be expressed however, for the authors state that the sample size
for this finding is such that there may be large variability in the results that may
lend to significant changes in GABA binding affinity not seen previously.
In terms of the mechanisms of epileptogenesis, the disinhibited
hippocampal slice (using penicillin) has been studied by Wang and Traub 161.
Specifically, they studied the depolarization shift or paroxysmal depolarization
shift (PDS) as described elsewhere with its resultant burst activity which they
term the "delayed synchronized burst" (DSB).
Conduction velocity studies of various loci distant to the stimulating
electrode revealed a short-latency of onset of the delayed synchronized burst in
region CA2. Also, intracellular recordings demonstrated that the threshold for
bursting activity was lowest in the CA2 pyramidal cell region. It was also
corroborated that the delayed synchronized burst was coincident with, and a
result of, the depolarization shift.
The CA2-CA3 region is the most likely point of initiation of epileptic burst
activity in the hippocampus126. The CAi region is best described as the follower
neuronal aggregate, for when afferents into the CAi region (efferents from CA2CA3 region) are cut, bursting activity that is ongoing in CA2-CA3 fails to
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Figure 6. This illustration shows the effect of seizure activity, produced by
electrical stimulation on the post-synaptic membrane of the normal neuron. It has
been proposed that this type of “GABA Post-synaptic facilitation” does not occur
in the epileptogenic neuron, predisposing it to epileptic activity 28,152

propagate to CAi. This type of burst activity spread is amplifying in nature; it
recruits other neuronal aggregates without decrement of activity. Thus
amplification occurs via divergence.
A prop >sed neuronal circuit is given below to illustrate the mechanism
underlying the long duration of the burst activity (Fig. 7). The CA2 neuron
activates CA3 neurons via excitatory axonal connections. The CA3 neuron sends
excitatory collaterals back to the initiating region (CA2) which in turn re-excites
the CA3 region. This effectively prolongs the depolarization of both CA2 and
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CAs, which continues until some extrinsic inhibitory input of proper duration
and magnitude is applied and/or until intrinsic characteristics of the neuron
membrane sufficient to limit current flow causes the seizure oscillations to fade.

0

ca2

^ ToCA 1

Excitatory Collateral from CA ^

Figure 7. The hippocampal circuit proposed for the increased duration of the
membrane depolarization, a prelude to bursting activity 170.

The problem of the circuit design of epileptogenic cortical tissue, and how
this circuitry may lead to epileptic activity was studied by Ayala and Vascconetto
12. These authors defined the paroxysmal depolarization shift as a "compound
synaptic potential".
"It has been suggested that a facilitation of the intracortical recurrent
excitatory axon-collateral-interneuron system occurs in the epileptic focus 1 .
This speculation was based on two main findings: 1) the depolarization shift is
triggered only when interneurons are involved; and 2) the depolarization shift
can be elicited experimentally by antidromic stimulation in preparations with
severed orthodromic inputs (fornix or corpus callosum transection). Thus the
triggering of the depolarization shift suggests that axon collaterals, activated
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antidromically, stimulate excitatory interneurons that initiate epileptic activity in
the deafferented neuron (Fig. 8).
Wadman and others stimulated the hippocampal Schaffer collaterals, and
recorded the resultant evoked potentials (EP) and electroencephalographic (EEG)
waves. The hippocampus was then kindled to a stage 5 tonic-clonic seizure (after
Racine's seizure-severity scale )121. Next they waited until the afterdischarge
(AD) spike frequency fell to zero, and then stimulated the Schaffer collaterals.
The EP was found to have an increased of amplitude, similar to that which occurs
in long-term potentiation.
The main implication of this work relates to the occurrence of spontaneous
interictal transients (SETs), or spikes. It has been noted that there are two types.
Type I is of long duration and low amplitude, with an initial positive-going EEG
deflection followed by a negative deflection. This is thought to result from initial
direct Schaffer collateral activation on the epileptic neuron which is excitatory,
followed by indirect Schaffer collateral activation of interneuron inhibition.
Type II is of large amplitude and shorter duration. It is hypothesized by the
authors that this type is due to the secondary activation of a population of
neurons (possibly a follower aggregate, or secondary epileptic focus).

Macrocellular mechanisms of epileptogenesis
Introduction: To review the macrocellular events surrounding
epileptogenesis we must first understand the difference between focal events and
extra-focal events. This question involves the definition of the boundaries of the
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"epileptogenic focus", and whether the area of the bounded focus remains
constant during differing stages of the epileptic eidolon.
The way in which Gabor and Scobey went about defining the spatial limits
of the epileptogenic cortex was ingeniously conceived and undertaken 60. They
used the visual system as their neuronal medium (Fig. 9). Initially they
stimulated the retina by applying a discrete point of light (intensity = 1.6 log
units above background levels, for an on-time of 1 msec) on a precise area of the
retinal field. They then determined where the fibers from the stimulated retinal
field (activated retinal field) projected in the lateral geniculate nucleus (LGN) and
calcarine cortex (primary visual cortex, Brodmann's area 17). They then applied
penicillin discretely to the visual cortex and noted which part of the visual cortex
responded with an epileptiform discharge, the paroxysmal electrocorticogram
(ECoG) wave. Alternately, they stimulated the LGN and observed whether or
not the paroxysmal ECoG wave was made manifest60.
Armed with knowledge of a well-established retinotopic organization of
the primary visual cortex, they were then able to determine the area of the cortex
that was predisposed to seizure activity. Having localized this area, "the
activation field", they compared it to the dimensions of the penicillin applicator
and the paroxysmal ECoG wave voltage gradient. It was determined that three
areas were coincident.
The assumption was now made that LGN neurons that responded with
spike generation in area 17 following ectopic application of penicillin were only
those that projected to receptive fields from the appropriate retinal activation
locus. This was found to be true in 38% of the LGN neurons. The remaining 62%
of the neurons with receptive fields in the activation field responded with
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orthodromic responses only (during the ECoG wave). The reason for this is that
many of the LGN neurons are short association neurons, and cortical influence
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Figure 8. Callosal transection did not prevent the initiation of the paroxysmal
depolarization shift (PDS) in neuron A when stimulated antidromically. Neuron B
is thought to be the cause of excitation of neuron A for synaptic delay is
interposed between the stimulus and the appearance of the PDS 12.

on these neurons is synaptic, via corticogeniculate fibers. The converse is also
true, i.e., ectopic spike generation was never seen in LGN neurons that were
found not to project to the activation area of the visual cortex. It was found that
this "immutable" boundary for epileptogenic cortex during the interictal state
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Figure 9. Penicillin is applied to the primary visual cortex (area 17). The
effective cortical stimulus is a spot of light projected onto the retinal field of known
thalamocortical projection. The epileptogenic effect of cortical stimulation is
recorded via the recording electrode in the lateral geniculate nucleus (LGN).
Thirty-eight percent of effected neurons showed an “evoked” antidromic ectopic
response with the remaining 62% showing orthodromic responses, due to
interposed synapses 60.
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did not remain so during the ictal state. Projection areas not found to be
epileptogenic during the interictal state became so during the ictal state. Thus
during seizure activity the epileptogenic locus expands This phenomenon may
be analogous to the spread of epileptic activity to normal neurons as depicted
Calvin 28, and visualized by Gutnic et al. 71, analogous to the follower neuron
population in Figure 4. Note, however, that this paper emphasized the
pathological nature of the expanded focus. The authors hypothesized that this
change from normal neuronal activity to abnormal activity is due to
pathophysiological changes that spread from the initial locus to neighboring
neuronal aggregates. The authors state "seizure activity beyond the focus is not
the result of simple synchronous driving of otherwise normal elements." Thus
there is a spread of abnormality not just a normal response to abnormal input (as
hypothesized by Calvin, vide supra) 27'28.
It is interesting to note that no attempt has been made to elucidate the
microcellular mechanism of the paroxysmal ECoG wave initialization. However,
there is a clinical analog to this type of seizure initiation. This is exemplified by
the uncinate fit, in which a particular smell may be the stimulus for seizure onset.
Another clinical example is tic douloureux (trigeminal neuralgia) in which a
particular sensory stimulus, such as cold, pressure, or a blast of air, may elicit
paroxysms of intractable pain158
Brazier studied the localization of pathways involved in the spread of
epileptic activity from the epileptogenic focus to outlying brain structures 20.
The method used was that of comparing the arrival time of epileptic wave forms
with that of its initiation. Unlike previous studies using rats, cats and guinea
pigs, the human brain was the object of this study. Once the delay of activity was
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known, the relative length of the neuronal pathway was estimated. Known
anatomical pathways were found to be consistent with the latency findings noted
above. There were other delay intervals, however, that could not be explained
by, nor related to, known anatomical pathways. Thus it is assumed that the
epileptic path of discharge follows pathways consisting of normal synapses. The
converse is also true, that the epileptic pathways do not consist of interposed
abnormal synaptic units 20.
Many authors have considered the manifestation of epileptic activity
during various stages of vigilance, the two extremes being that of deep sleep and
of arousal. Interest in this area derives from the possible modulating role of the
reticular formation on the excitability of the epileptogenic focus.
Regarding the observed occurrence of "interictal paroxysmal activities"
Autret and others noted the frequency of the paroxysmal activities during
various sleep stages 10. Their results showed that patients who were known to
have nocturnal epileptic seizures had an increased number of paroxysmal
activities per unit time during sleep. The most dramatic effect was seen during
stages 3 and 4 (synchronous) sleep. Patients who experienced seizures mostly
during waking periods (desynchronization) had fewer paroxysmal activities
during sleep than during wakefulness. In other words, this polysomnographic
study showed that during "extreme states of cortical activation" i.e., stages 3 and
4 for synchronous wave patterns vs. waking for desynchrony, there was the
greatest evidence for a variation in seizure activity.
Courtois observed the effect of various stages of vigilance on the
manifestation of experimental epilepsy 34. The primary motor cortex of cats was
ectopically exposed to cobalt (a strong convulsant), and recording electrodes
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where placed in various brain regions. It was found that the resulting myoclonic
jerks disappeared during fast wave sleep (FWS), but "physiological" twitches,
characteristic of this sleep stage, persisted. Recordings of neuronal activity at
various sites demonstrated that the epileptic activity was manifest in the
descending pyramidal tract as far as the spinal cord. This suggests that motor
inhibition is mediated by spinal mechanisms activated during fast wave sleep,
most likely due to activation of inhibitory spinal interneurons. This notion is
supported by the observation that during fast-wave sleep spinal interneurons
become more active 34.
In contradiction to the previous paper, other workers found that "focal
discharges remained usually unchanged during various phases of sleep." Thus
the spinal cord inhibitory pathways act as a "gate" for motor expression of
cortical activity (peripherally) and the sleep/wake stages act as an activator or
inactivator, respectively, of that "gate."
Summary
As noted earlier, this section has been devoted to integrating the work of
many investigators into a cohesive synthesis. Attention should be given to the
summary illustration (Fig 10) during this discussion.
Many possible mechanisms have been proposed for the propagation and
recruiting characteristics of the primary hippocampal epileptic focus (Fig. 10
"CA2 and 1 °"). However, no adequate mechanism has been proposed for the
actual initiation of the abnormal activity, in what becomes the primary
epileptogenic focus. With this in mind, I proposed a synthesis of the cited work
(Fig. 10). Note that these mechanisms may all exist simultaneously or only one.
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or a few, may be all that is necessary to initiate epileptic activity. To best
illustrate my synthesis, I have chosen the hippocampus to depict the organization
of a prototype epileptogenic aggregate.
A prerequisite for epileptic activity is that primary epileptogenic neurons
must have some intrinsic property predisposing them to generate a longduration, relatively large, electrotonic potential (possibly the result of active
multisynaptic input). The factors that may determine this are: 1) CA2 neurons
are not able to increase the number of inhibitory GABA receptors in response to
impinging electrophysiological stimuli. Thus these cells may become
"hyperexcitable" over time, meaning that normal synaptic input to CA2 will raise
the membrane potential much more than normal. The CA2 neurons must also be
able to convert this increase in membrane potential to a propagated nondecremental active impulse. This conversion of the manifestation of altered
membrane conductance (possibly of Ca++), or current, into spikes with a
frequency that is proportional to the rise in membrane potential is termed
"frequency coding". CA2 (epileptogenic) neurons must convert the spikes into a
pattern of spikes or spike-burst that will be a strong excitatory influence (due to
spatial and temporal summation) on the secondary ("20" as depicted in Fig. 10)
epileptogenic aggregate, CA3. CA2 neurons also send excitatory inputs to an
average of four other CA2 neurons (and likewise they send inputs to 4 cells per
each stimulated) 72 This is necessary to increase the size and effectiveness of the
epileptic activity. There are now many neurons responding simultaneously to
the bursting activity of one neuron. The driven CA2 neurons must have the same
membrane characteristics as the CA2 neurons that initiated the bursting
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Figure 10. Summary figure mechanisms of epileptogenesis. See text for
description of this figure. RE = recurrent excitatory pathway; RAS = reticular
activating system; RF = reticular formation; B = basket cell (inhibitory
interneuron); El = Excitatory interneuron; -> indicates direction of propagated
neuronal activity; 1° = primary epileptogenic neuronal aggregate; 2° = secondary
epileptogenic neuronal aggregate; Follower as defined in the text27; GABAergic
= inhibitory synapse with the associated post-synaptic receptors 126; + =
excitatory synapse; - = inhibitory synapse.
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activity. This allows these driven CA2 neurons (homologous epileptogenic
entities) to respond in the same fashion as the primary CA2 neurons, thus
expanding the number of cells in the bursting population.
A valid question at this point would be, what factors may predispose the
CA2 pyramidal cells to exhibit bursting activity? As noted above, a reduction of
GABA postsynaptic transmission could predispose the neuron to bursting spikes
126 .

This is important because the recurrent inhibitory interneurons, basket cells

(B) (Fig. 10), are tonically active, i.e., they fire continually at a predetermined
basal rate. If neuron B is inhibited by some stimulus, or biased downward by the
reticular formation (RF) then the membrane potential will shift towards
depolarizatio

due to the decrease in synaptically released GABA. This, in

addition to the low number of GABA receptors present on CA2 neurons, would
predispose CA2 aggregates to a decrease in membrane potential, hence an
increase in bursting activity. In addition to sending collaterals to at least 4 other
neurons, the recurrent excitatory pathway, the CA2 neurons also directly synapse
onto the CA3 cells. The CA3 cells respond to CA2 afferent input by further
processing the received multiple depolarizations, converting them into
propagated, non-decremental waveforms and sending the excitatory activity
back directly to CA2 via excitatory collaterals, or indirectly via excitatory
interneurons. The effect is that of continual recurrent excitatory input, thus
acting as an epileptic generator. This recurrent excitation phenomenon accounts
for the appearance of the large depolarization shift seen interictally. The
depolarization shift recruits more neurons into the pool, amplifying what was a
subcellular (synaptic receptor mediated) phenomenon to a multicellular
aggregate.
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To be an effective epileptogenic focus, this aggregate must fire in a
synchronous pattern, thus allowing for strong bombardment of neuronal activity
('There is strength in numbers!"). A possible mechanism for synchronous firing
becomes apparent when one ponders the influence of inhibitory interneurons
that are activated by CA2 activity. If the inhibitory interneuron has a longer
refractory period than the CA2 neurons that initiated simultaneous inhibition,
they will all be released from inhibition en masse! This will provide the strong
excitatory synchronous volleys necessary for recruiting distant neuronal
aggregates.
CA3 neurons will also send excitatory inputs to known epileptogenic
neurons, i.e., those without the inherent membrane properties, allowing the
genesis of bu, sting activity. An example is the CAi pyramidal cell. Because it
responds by following the activity of the CA3 neuron, it is termed the follower
aggregate. The number of activated neurons in the follower aggregate is now
much larger due to the divergence of CA2-CA2-CA3 -CAi pyramidal cell
projections. As this recruiting activity continues, it soon grows to the extent of
synchronizing the neuronal activity of the entire brain, leading to the classic
tonic-clonic grand mal seizure. A visualization of this spreading epileptic
activity is seen in the Jacksonian fit, in which the seizure starts as a tremor in the
thumb, and then slowly progresses to the forearm, upper arm, shoulder, neck
and head, at which point the phenomenon converts from a focal seizure to a
grand mal seizure. Note that the involvement of more and more cortical area is
reflected by the increase in number of body regions involved.
The follower neuron population, once recruited, will in turn recruit other
neurons "downstream" from them. In this case the CAi pyramids indirectly
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recruit (activate) the spinal cord lower motor neurons. The efficacy of lower
motor neuron recruitment, however, depends also on the biasing or gating input
from the "reticular activating system "(RAS) and/or some of its discrete nuclei,
such as the raphe nuclei If the RAS is exerting an excitatory influence on the
spinal cord Renshaw cells (see Eccles, 1973 43), then there will be no motoric
realization of the strong excitatory motor output from the epileptogenic/epileptic
tissue 43. A good example of this type of modulatory input from the RAS is seen
during the extremes of arousal (REM sleep vs. wakefulness). In this case, during
REM sleep the RAS excites the Renshaw cell which in turn inhibits a-motor
neurons, blocking the flow of synchronous cerebral activity to the musculature of
the body.
The construct provided, which accounts for the mechanisms of
epileptogenesis, is a model derived from many points of fact. There is much
more to be learned concerning the pathophysiological condition of the
microcellular, subcellular, and neuronal elements that lead to the genesis of
epileptic activity.
Kindling
Introduction and history of kindling
Graham Goddard, a noted psychologist, focused his research on long-term
potentiation (LTP) and kindling
"[It has been] argued that there is an analogy between the phenomenon of
learning and the development of an independent focal discharge in the
hemisphere contralateral to a dominant epileptic focus. On the basis of this
analogy [it has been pointed] out that the independent focus can serve as a
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useful model in the physiological investigation of learning mechanisms.
Similarly, it can be argued that the phenomenon described in the present
note is analogous to learning mechanisms. At the very least it is a relatively
permanent change in behavior that depends on repeated experience. Just
how far this analogy can be extended must await further research. It is an
appealing notion and deserves the attention of physiologist and
psychologist alike 65."
. He presented the first account of the kindling phenomenon in Nature in
1967 65 and later published a full description in Experimental Neurology in 1969 66.
"Kindling" refers to a permanent change in brain function that results from
repeated focal stimulation and that leads progressively to the development of
convulsions. As a model of epilepsy, kindling offers precise experimental control
over the epileptiform substrate in the absence of gross neurochemical or physical
insult. Goddard's research was concerned with the mechanisms underlying the
kindling phenomenon in animals, and he stressed its relevance to the
management of seizure disorders in man 164.
Goddard noting the recent report that animals are more resistant to
exhibiting convulsions soon after having had a convulsion. And that this
conclusive resistiveness did not occur until after a suitable time had elapsed after
the initial convulsive event, reasoned that the initial convulsion may have a
direct effect on the occurrence of succeeding seizures. This effect was as already
noted inhibitory early after the initial seizure but seen to actually decrease the
seizure threshold after daily electrical stimulations were given 65.
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General considerations
As previously stated, the kindling effect results from the progressive
changes induced by repeated electrical stimulation of the brain 66. More
specifically.
"A more precise definition of kindling would be the phenomenon whereby
repeated administration, to certain brain regions, at intervals greater than 12 hours, of an initially subconvulsive stimulus which could be electrical,
chemical or physiological, resulting in progressive and permanent
intensification of seizure activity culminating in a generalized seizure" 125.
The utility of the kindling model of epilepsy is that it allows study of
epileptogenesis and epilepsy without some of the drawbacks of other models.
For instance, the local application of "neuronal irritants" does not allow precise
experimental control over the conditions of application. Goddard showed that
the kindling effect could be elicited in a variety of animals (cat, rat, monkey). He
also gave evidence that the result of the daily stimulation was not due to an
irritative effect of the stimulating electrode on the brain tissue. A number of
different types of electrodes were used, with varying irritative actions on nervous
tissue; the least irritative were platinum electrodes. However, platinum
electrodes did not show a statistical difference, in terms of rates of kindling, from
the other types of metal electrodes used in his initial study (nichrome, stainless
steel). Edema, gliosis and other "reactions" such as vascular changes or merely
the physical presence of the electrode could not have been the cause of the
seizures because these are time-dependent phenomena, while kindling is
dependent solely on the number of stimulations, not on some set time after the
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placement of the electrode. An illustration of this is that approximately the same
number of amygdala stimulations will result in a convulsion whether they are
given once daily or once weekly.
The kindling effect is elicited most readily from limbic structures.
Differences in the rate of kindling occur among these structures, with the
amygdala being the most responsive in terms of rapidity of full seizure
development (mean = 15 stimulations), the hippocampus the least responsive
(mean = 77 stimulations). The neocortex, thalamus and brain stem are relatively
refractory to kindling manipulations. The above structures were stimulated by
Goddard at a maximum intensity of 50|iA. Thus if a more intense stimulus had
been used, perhaps some of the structures that did not kindle would have given a
positive response, or the slower-kindling structures would have responded more
readily. As all of the structures received the same stimulus intensity, this was an
effective means of comparing the relative sensitivity of the structures in question.
The kindling effect here implies that all structures affect or recruit other
extra-kindled sites within the brain with equal facility, resulting ultimately in
generalization of seizure activity and behavioral convulsion. It is certainly
possible that the hippocampus is as epileptogenic as the amygdala, but that it is
less able to recruit other downstream neuronal populations. Therefore, the
measure of kindling effect, as detailed by Goddard, is one of behavioral
expression, which depends on ''generation" and "propagation" of seizure
electrical activity.
A critically important finding is that kindling represents a permanent
functional change. Subjects that were kindled and "shelved" for up to three
months thereafter, continued to have fully developed seizures upon re-
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stimulations with only one or two representations of the kindling stimulus. In
his preliminary work Goddard noted:
"...once convulsions have been elicited in a given animal, subsequent
convulsions occur reliably in response to stimulation. A check on the
permanence of this change was made on some animals after a resting
interval of several weeks. Eighteen rats were stimulated daily at 50 pamp
until they had had several convulsions. After this the stimulation current
was varied each day until a seizure threshold had been established. The
rats were then set aside without further stimulation for a period of 3-6
weeks. At the end of this rest interval each rat was stimulated for a
maximum of 15 sec at threshold intensity. On the first day convulsions
were observed in eight of the eighteen animals. On the second day, using a
slightly higher intensity, four of the remaining ten animals were given an
additional rest interval of 12 weeks. The threshold rose in all but two
animals, but all the rats responded with convulsions within a few days of
repeated stimulation. Whatever the neural change responsible for the
development of convulsions, it is relatively permanent65Z'
It was hypothesized by Goddard (as we shall see, rightly so) that these
changes could not be due to variability in a particular metabolite, as the change
would likely return the animal to the pre-kindled state after the passage of time.
Thus the change must have been due to structural alterations within or between
neurons.
The optimal kindling stimulus frequency is 60 to 100 Hz. If a structure is
stimulated at a frequency other than optimal, then regardless of the original
stimulus frequency the optimal kindling frequency does not change. This
optimal frequency is an unvarying characteristic of the neuronal aggregate being
stimulated. Also, the rates of kindling are not affected by the intensity of the
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stimulus so long as afterdischarges (ADs) are evoked, i.e., a greater stimulus
intensity does not result in more rapid kindling. In terms of the frequency of the
adequate stimulus, it appears that simple neuronal activation is not enough to
induce kindling, but rather the stimulus must be given at a frequency
appropriate to the neuronal pool being stimulated to result in "tetanization" or
entrainment. Thus, while a 3 Hz stimulus is an effective stimulus in terms of
neuronal activation it is difficult to elicit a kindled seizure with this stimulus
frequency. Corcoran and Cain had to utilized very high stimulus intensities to
achieve the kindling effect with a 3 Hz stimulus frequency 33.
It is important to consider the effect of decreasing the kindling stimulus
time interval in the development of kindled seizures. Goddard found an interval
of 24 hours to be optimal in producing amygdala-kindled seizures. He noted
that when continuous or short-interval stimulation was utilized, the probability
that convulsions would develop also markedly decreased. This he termed
"fatigue" or "adaptation"66.
Electrolytic ablation of the entrained neuronal aggregate results in an
increased intensity requirement to elicit a convulsion. The nature of current
spread as related to the volume of tissue affected reveals that if the stimulating
current is sufficient to span the zone of neuronal death a convulsion occurs. This
demonstrates that the previously kindled focus includes synaptic changes that
occur beyond the neurons originally stimulated.
The so-called transfer phenomenon can be either negative or positive, and
occurs when a previously kindled site either interferes or enhances the rate or
occurrence of seizures in a secondary site 99'121. This phenomenon is observed by
kindling one site and then noting the kindling rate of another site elsewhere in
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the brain requires fewer trials to first seizure (positive transfer). If the original
site is subsequently re-stimulated, it takes a greater number of stimulations to
evoke a convulsion than it would have if the second site had not been rendered
epileptogenic (negative transfer) 99,121
The relationship that Goddard envisioned as existing between learning and
kindling is illustrated in the following quotation.
"There is a remarkable similarity between many properties of the kindling
effect and properties of normal learning. For example, each is a relatively
permanent change resulting from repeated experience, the limbic system is
implicated in both kindling and learning, both involve trans-synaptic
changes in function, both demonstrate positive transfer from one stimulus
to another, and in both cases the acquisition of a new response results in
retroactive interference with old responses" 66.

Kindling mechanisms
While the specific mechanisms responsible for the kindling phenomenon
are not known, there are a number of essential features associated with kindling
that may shed light on how it occurs.
Synapse

As Goddard originally hypothesized, the kindling phenomenon likely is
dependent on structural changes in the epileptic neuronal aggregate. This
provides a plausible understanding of the lasting nature of the process 77'100.
Epileptogenesis in general11'97'117'126'134'140 and kindling-induced epileptogenesis
specifically63 have been shown to be related to synaptic enhancement and have
been shown to occur within synaptically-linked relays along the activated circuit
11,97,126,147

Synaptic involvement is also dependent upon protein synthesis
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and axonal transport. Recently Geinisman et al. at Northwestern University
suggested that there is a morphological change in the synapse itself that may be
the result of daily electrical stimulation leading to kindling 63.
Using stereological techniques these individuals resolved this question.
They used three groups of rats: 1) some receiving a standard kindling protocol
(right medial perforant path); 2) coulombic controls, i.e., animals given an electric
stimulation which is known not to cause kindling (120 Hz/2 sec); and 3)
unstimulated controls. After five generalized seizures had occurred, the animals
were either studied immediately, or "shelved" and then studied four weeks later
"to allow the possible immediate effects of seizures on brain morphology to
dissipate." The tissue from the terminus of the corresponding medial perforant
path, or the middle third of the dentate gyrus molecular layer was used in this
analysis. It was found that unstimulated or coulombic controls did not differ
significantly with respect to the number of axospinous synapses per neuron. The
number of axospinous synapses was significantly decreased (by 18% and 19%) in
animals from the kindled group with respect to unstimulated and coulombic
controls 63.
Two distinct synaptic subtypes were then studied, perforated and
nonperforated. The perforated type is axospinous, exhibiting a discontinuous or
perforated postsynaptic density (PSD). Conversely, synapses without this
density are called the nonperforated type. It was found that hippocampal
kindling results in a selective reduction of the nonperforated axospinous
synapses, with a consistent increase in perforated relative to nonperforated
synaptic contacts.
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The major action of perforant-path activation is excitation of dentate
granule cells. Perforated synapses are believed to be more efficacious than
nonperforated synapses, due to a closer apposition of pre- and post-synaptic
membranes at the postsynaptic density perforations, or because of increased
surface area associated with the membrane surrounding the postsynaptic
density.
"It is possible, therefore, that the observed shift in the preponderance of
perforated over nonperforated synapses may account for the sustained
enhancement of excitatory synaptic "gain" characteristic of kindling" 63.
Neuronal pathways

The pathways and nuclear structures directly and indirectly involved in the
genesis and spread of kindled seizures have been elusive. Recently Robert
Ackermann's lab has shed light on this problem using radioactive metabolic
tracers. Handforth and Ackermann75 utilized a progressive scale of seizure
severity that fit within the requirements of the deoxyglucose method, in
particular the time course of the seizure event. Prolonged amygdala stimulation
produced status epilepticus (SE) of varying severity which they categorized into
four types. The least severe was a state of continuous immobility, during which
time afterdischarges were noted on the electroencephalographic record, this was
termed the "discharge SE". The next state on the severity continuum is the
"ambulatory SE" where the animal exhibits hyperactive exploration. This is
followed by, in terms of severity, the "class 1 SE" which is associated with
continuous mastication, and lastly the most severe of this experimental seizure
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type is the state of the vigorous head nodding, rearing, and clonus
("class 2+SE")l.
Deoxyglucose was infused during these varying states in mature rats
(Handforth and Ackermann75). It was noted that each distinct level of seizure
severity had a characteristic 2-DG uptake pattern. Discharge SE is associated
with 2-DG uptake in the ipsalateral amygdala and its primary projection fields,
such as the bed nucleus of the stria terminalis and the dorsal-medial thalamus.
Ambulatory SE (hyperactive exploration) reveals the increased 2-DG uptake
pattern of discharge SE plus enhanced glucose uptake in the substantia nigra,
sulcal and insular cortices, thalamic and hypothalamic nuclei, the lateral
paleocortex ("from olfactory bulb to entorhinal cortex"), hippocampus, and the
lateral septal nucleus. Class 1 SE (continuous mastication) exhibited a 2-DG
uptake pattern of bilateralization of the ambulatory SE pattern. Lastly, class 2+ SE
resulted in a 2-DG uptake pattern that indicated "recruitment" of the neocotex
(especially the prefrontal neocortex), caudate-putamen, thalamic motor nuclei,
and substantia nigra k
Ackermann et al. found that in the immature rat which had multiple
kindled seizures, the seizure-induced metabolic patterns are similar, with the
exception of the lack of neocortical, thalamic, and nigro striatal activation
patterns 3. Thus the paleocortex (pyriform, entorhinal, and olfactory cortex) is a
major seizure staging area that amplifies and spreads the seizure activity from
the basolateral amygdala, and the substantia nigra participates in adult but not
rat pup seizures k
One of the goals of the present research project is to characterize the
modulatory effect of the dorsal raphe on kindled seizures in the rat, and to clarify
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some of the issues raised by the results of other workers. The latter include: 1)
pharmacologic studies on the serotonergic influences are found to be inhibitory
by some but excitatory by others 104'120'161; 2) lesion studies have generally
involved much more than the dorsal raphe nucleus in the zone of destruction118;
3) the functional results of serotonin agonists and antagonists are unexpected in
terms of the absence of clear facilitation and antagonism respectively 105,118
The present study is the first to directly address the modulatory
(inhibitory) role of the dorsal raphe nucleus on kindled seizures. Although a
single study of the median raphe influence on kindling was published, relatively
gross assessment and means of seizure inhibition were used, i.e., merely the
presence or absence of behaviors associated with epileptogenesis, and long
stimulation times (1 hour), far from the '"physiologic ideal" 87. Also, the median
raphe is not the main limbic serotonergic projecting system, the dorsal raphe is 14.
Thus the present study was intended to determine the influence of the dorsal
raphe on various aspects of kindled seizures: afterdischarge(AD) threshold;
electroencephalographic (EEG) changes (AD frequency and duration); seizure
duration, and seizure severity. This more comprehensive characterization
should contribute to an understanding of the modulatory role of the dorsal
raphe on kindled seizures, and perhaps add to the rudiments of an
electrophysiologic model for kindled seizures.
As previously mentioned, Jouvet found that intracerebral administration of
serotonin induced sleep and, that the destruction of the raphe serotonergic
neurons resulted in insomnia in cats 81,82. Slow-wave sleep slowly returned after
4 or 5 days; however REM sleep never returned. The maximal duration of the
slow-wave sleep was two hours, significantly shorter than the normal 12.5 hour
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daily average for cats. REM sleep does return if the raphe lesion is smaller and
the animal recovers at least 3.5 hours of slow wave sleep 86. Because PCPA
inhibits the synthesis of serotonin it was believed that this drug would reproduce
the ablation experiments done by Jouvet. The effect of PCPA was insomnia that
lasted only for a week even though the firing of serotonergic neurons were
completely suppressed 86. Also, after the week of continuous raphe suppression
by PCPA, both slow wave sleep and REM sleep returned to 70% of its normal
duration. It has been found in humans that during serotonergic suppression the
elements of REM sleep intrude upon the waking state. For example,
hallucinations or the phasic activity associated with REM sleep are seen to occur
in all phases of the sleep cycle 86. Because of these observations it was felt that
the reason raphe ablated subjects develop insomnia is that the raphe can no
longer turn off "waking stimuli" 81'82,86
Clinical studies have shown that some individuals with epilepsy
experience seizures predominantly during certain states of the sleep/wake cycle
37,62,136,138,139

. This suggests that the influence of the raphe nuclei may in some

way bias the epileptogenic activity in these individuals i0/34,37,40,62,i30,i66 The
predominant neurotransmitter of the raphe nuclei is serotonin, and the dorsal
raphe nucleus has been shown to be the chief ascending serotonergic influence
on the mammalian forebrain 17. Numerous studies have shown an anatomic link
between the dorsal raphe and the limbic forebrain. The anatomic course of the
ascending raphe system of neurons has been established by various tract tracing
methods such as amino acid autoradiography, axon degeneration studies,
horseradish peroxidase (HRP), and so forth 9,10,13,14,26,29,30,76,80 There are aiso
electrophysiologic studies showing that reticular formation stimulation in
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general, and raphe stimulation in particular, results in evoked potentials in
various limbic forebrain structures 7/36/54,58,59/67-70

functional implications to

be derived from these anatomic and electrophysiologic studies are not
completely understood. Much of our present fundamental knowledge
concerning the functional role of serotonergic efferents to the forebrain is based
on gross anatomico-behavioral studies, in which the raphe nuclei were
stimulated or ablated, and the consonant changes in response to these
manipulations were observed 16-18/2b22/8i,82,i08 por example, Batini selectively
severed the ascending pathways from the region of the midbrain raphe and
noted a state of "persistent wakefulness"16.
The specific anatomic, pharmacologic, and electrophysiologic effect of
dorsal raphe ascending efferents to the amygdalo-hippocampal complex has
been elucidated by studies which have shown marked suppression of amygdala
neurons.115. We have shown that dorsal raphe electrical stimulation results in a
relative increase in the rates of glucose metabolism in the rat amygdalohippocampal complex (Chapter 2). Ackermann et al. have shown that glucose
metabolic rates increase with either neuronal inhibition or excitation 2. This
increase in glucose utilization occurs because both processes utilize ion pumping
mechanisms regardless of whether they be excitatory or inhibitory. The energy
metabolism of the neuron is mainly determined by the rate of the energyrequiring ion pumps used to maintain the neuron in a state of ionic
homeostasis 2.
KINDLING RATIONALE: It has been approximately 24 years since
systematic daily electrical stimulation of the brain yielded an experimental model
of epilepsy, the so called kindling phenomenon 66 During this time many
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workers have studied the anatomico-physiologic correlates of the manifested
kindled seizure with respect to the phenomenon of epilepsy in man1. At
present, the changes that result in the large scale recruitment of epileptiform
activity within neuronal aggregates is not entirely understood. It appears,
however, that there are at least three prerequisites for the development of seizure
activity within a restricted interactive neuronal population: 1) the intrinsic
membrane properties of the member neurons must predispose to a bursting
output; 2) reduced efficacy of local inhibitory synaptic mechanisms must occur;
and 3) highly effective excitatory neuron-neuron communication within the
synchronizing population of neurons must occur 93-95
The kindling model of epilepsy is ideal for the present study because it
allows electrophysiologic and neuroanatomic analysis to be carried out on a
specific brain site. This model allows reproducible perturbations with access
each time to exactly the same epileptogenic locus, and accurate quantification of
the seizure-evoking event (stimulus intensity, duration and frequency) per
individual animal. The reproducibility of such a model is well established by the
literature 81/83. Electrical kindling is advantageous over other types of
experimental epilepsy for this study, because no gross anatomic deficit is created.
Thus changes in neuronal function alone account for the electrographic and
behavioral outcomes of the preparation. This allows statements to be made
concerning the nature of recruitment, spread, and continued genesis of seizure
activity throughout the brain, and the impact of dorsal raphe modulation on the
developed seizure disorder. Also, with kindling a discrete locus is entrained to
be the epileptogenic focus without the confounding issues of diffusion gradients,
altered cerebral blood flow and concentration changes of local neuron irritants as
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a function of distance from original site of iontophoresis (bulk flow and simple
diffusion characteristics) affecting the neuronal cell mass that is to become the
"neural synchronizer," or the reproduction of the developed seizure after the
inciting stimulus (irritant) has been withdrawn, all characteristics of
chemical/drug induced experimental seizures. Additional advantages of this
type of study include: electrolytic ablation and discrete stimulating electrode
localization; site-specific electroencephalographic analysis allowing one to
correlate the change in ictal and interictal phenomena with the proposed
inhibition of epileptogenic activity, and the ability to directly correlate the
neuronal epileptic activity with behavioral and electrographic changes.
The relationship of dorsal raphe electrical stimulation to the occurrence of
kindled seizures in the rat has not been well characterized in the literature.
However there are specific examples which reveal the likelihood of a direct
functional role of the dorsal raphe on experimental epilepsy in the rat8'76'161.

CHAPTER TWO
EXPERIMENT I: THE EFFECT OF DORSAL RAPHE
STIMULATION ON GLUCOSE METABOLISM OF THE RAT
HIPPOCAMPUS

Materials and Methods
Sixteen adult rats of the Sprague-Dawley strain, weighing 310-370 gm,
were used in this study. On the day of surgery the animal was anesthetized with
urethane (1.2 mg/kg body wt. i.p.). The right femoral vein was then cannulated
toward the heart with P.E. 50 tubing. The animal was immediately mounted on a
stereotaxic device (Kopf Instruments) and prepared for electrode placement. The
stimulating electrode was fashioned from two twisted strands of 150 pm
diameter insulated stainless steel wire (California Fine Wire) cut perpendicular to
the longitudinal axis. The recording electrode was fashioned from two strands of
twisted teflon-coated platinum-iridium wire of 50 pm diameter.
Narishige electrode carriers were used (models SM-11 and SM-15; Medical
Systems Corp., N.Y.). Each animal had dorsal hippocampal recording electrodes
placed at CA2-3 via stereotaxic coordinates, in mm: A=4.5; L=5.0; H=2.6 at an
angle (lateral to medial) of 21° from the vertical. The subjects in the dorsal raphe
group received a stimulating electrode to the dorsal raphe nucleus via stereotaxic
coordinates, in mm: A=11.5; L=0.00; H=7.22 at an angle of 30.83° (from the
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vertical) from posterior to anterior so as to avoid puncture of the confluence of
the sinuses (torcular Herophili) and the consequent massive hemorrhage.
Pontine oral reticular formation (PORF) stereotaxic coordinates were, in mm:
A=11.5; L=1.50; H=7.22 at an angle of 30.83° (from the vertical) from posterior to
anterior113.
Hippocampal electrical activity was recorded differentially between the
tips of the twisted fine wire electrode, filtered (band pass of 300 Hz-10 kHz),
amplified (WPI differential preamplifier modal DAM-5 A), and sent to an FM
tape drive with time-code generator (Ampex PR2200, at 7.5 ips, and Datum time
code generator 9300), and to a dual digital oscilloscope (Nicolet 4094, with XF44
dual disk drives) for real-time visualization of hippocampal activity, and gross
waveform analyses (frequency, amplitude, occurrence). Stimulation current was
provided by a Tektronix 2601 mainframe with the appropriate plug-ins a
rate/ramp generator(26Gl), a ramp generator(26G2), and a pulse
generator(26G3), with a differential amp(26A2) and isolated by a Tektronix 2620
stimulus isolator configured to deliver biphasic pulses. Both the stimulus and
dorsal raphe activity were recorded via the twisted stimulating electrode
(preamp Tektronix differential amplifier(26A2) and sent to the tape drive and
oscilloscope.
For the experimental animals, the stimulus parameters were: frequency = 2
Hz, duration = 0.2 msec, stimulus intensity varied from 200-600 |iA(peak-topeak) (Table I). The stimulus waveform were a biphasic pulses. The control
animals had electrodes similarly placed but did not receive any electrical
stimulation.
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TABLE I. A summary of the site of electrode localization for each animal in the
2-DG study as well as the status of the animal. Whether or not the subject
received an electrical stimulus determined if the subject was a "control", d. raphe,
or pontine oral reticular formation (PORF) animal. The additional stimulus
parameters are: frequency=2.0 Hz, duration = 0.2 msec; waveform was a
biphasic pulse. Intensity is in units of current with values in micro amperes(|iA)
peak-to-peak. Intens. = intensity, Max. = structure with the maximum 14C
accumulation, Min. = structure with the minimum 14C accumulation, and Aver.
Sp. Act. = the arithmetic mean of 14C accumulation values of all structures
measured in each individual animal in this particular study (for referential
purposes only). A# = animal number.

A#

Stim

Stim. Site

1

WO
WO

WOWE
WOWE
FRF, ORALIS
Dorsal Raphe
FRF, ORALIS
FRF, ORALIS
Dorsal Raphe
WOWE
Dorsal Raphe
Dorsal Raphe
Dorsal Raphe
Dorsal Raphe
WOWE
WOWE
WOWE
WOWE

2
3
4
7
8

9
11
12
13
14
15
16
17
18
19

YES
YES
YES
YES
YES
WO
YES
YES
YES
YES
WO
WO
WO
WO

Intens.

0
0
200
300
400
300
400
0
400
600
600
600
0
0
0
0

Max.

Min.

Aver.
Sp. Act

lat sept nuc.
DEWTATE
lat sept nuc.
D H Real,2
lat sept nuc.
med raphe
V H Lca3,4
CIWQULUM
CIWQULUM
CIWQULUM
accumbens ACB-C
lat sept nuc.
DOR. RAPHE
CIWQULUM
lat sept nuc.
D.B.B.

V H Lca3,4
accumbens ACB-C
V H Lca3,4
Corp. Call.
V H Lca3,4
internal capsule
Corp. Call.
FORWIX'
MFB
Corp. Call.
Corp. Call.
V H Lca3,4
IWT CAPS.1
IWT CAPS.
V H Lca3,4
FORWIX

0.3163
0.2121

0.3025
0.4261
0.8781
0.1285
0.4579
1.4960
0.8872
1.0698
0.9943
1.4249
2.7206
2.0552
0.9011
1.9246
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2-[14C]-Deoxy-D-glucose(2-DG) (Pathfinder Laboratories Inc., St. Louis)
was prepared for injection by measuring out the requisite quantity, dehydrating
it in a gentle stream of air, and then reconstituting it in 0.5 ml of normal saline.
After baseline levels of CA2-3 activity were recorded, the prepared 2-DG solution
was injected (dose; lOOmCi/kg body wt.) as a single bolus into the femoral vein,
followed by an amount of normal saline equivalent to the volume of the catheter
and needle (0.14cc). The 2-DG was allowed to circulate for 60 minutes, during
which time the animal was receiving stimulation either in the dorsal raphe or the
PORF if it was an experimental animal, or no stimulation if it was a control
animal. After 60 minutes the animal was perfused through the heart with 40 ml
of normal saline followed by 40 ml of 10% formalin. The brain was quickly
removed and frozen in dry ice. The frozen brain was then sectioned in a cryostat
(American Optical or Hacker Instruments) at -17° C. Section thickness was 20
microns, and every 6th and 7th sections were placed on a warmed slide for
autoradiography and staining, respectively. The slides for autoradiography
were dried on a warming tray (48° C) and placed in an x-ray cassette together
with calibrated [14C] standards which were also mounted on a microslide
(American Radiolabled Chemicals, Inc., St. Louis). Radiographic film (Kodak
NMC-1) was placed in contact with the sections and standards for 14 days.
Following this exposure period, the film was developed in an automatic film
processor (Kodak X-OMAT, model RP).
The sections that were mounted for histological study were stained with
neutral red. Precise electrode localization was accomplished by projection of the
stained slides 113, which was confirmed by the autoradiographs (Fig. 4).
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The technique for measurement of local cerebral glucose utilization is the
semiqualitative method102 which is a variation of the quantitative method
developed by Sokoloff et al.

141-144 .

This technique makes use of the fact that a

metabolic product of [14C]-2-deoxy-d-glucose (2-DG), [14C]-2-deoxy-d-glucose-6phosphate is effectively trapped within the neuron, and thus its accumulation
represents the integrated metabolic demand of that structure during the time
period that the 2-DG was available to the neuron. Thus it has been shown in
many studies that the 2-DG contact autoradiography method is useful in
establishing the existence of functional "connectivity" of neuronal pathways in a
wide variety of experimental paradigms 247,61,73,102,123,128,132,162,163^
2-DG uptake was measured by a densitometer patterned after the design of
Bryant and Kotyma with modification of the electronic circuitry to minimize
settling time23 (Appendix IV). The autoradiograph reading device was
constructed from a projectional micro-viewer setup (DL-2 Macro
Viewer/Projector by JENA Seiler Instruments, St. Louis). A small-diameter
aperture was drilled into the projection screen, allowing transmitted light to pass
through and be detected by a photodiode. The resultant change in conduction
state of the photo-sensing device (photovoltaic detector) was relayed to the
densitometer where it was converted to arbitrary units of transmittance.
Transmittance is related to optical density in the following expression, OD =
-logio(Ii/It); where It the light intensity reflected off the film plate and It is the
light intensity transmitted through the film plate 89.
The effective aperture size, the actual circular area of tissue that the sensor
was receptive to by nature of the absolute diameter of the projection screen
opening and the magnification of the image on the screen, was 25 microns.
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Because of the high sensitivity, placement, and geometry of the light sensing
device, autoradiograms could be accurately viewed and quantified in normal
room light. The individual that recorded the densitometric values had no
knowledge concerning whether the film being read represented a control or an
experimental animal. The numeric values of optical density were entered into a
computer (Apple Macintosh) and later analyzed statistically and graphically.
I would like to make note of my use of the term transmittance versus
optical (specular) density. Transmittance, refers to the light passing through an
object, and is inversely proportional to the absorbence plus the reflectance of the
light by and off the object. Because optical density represents the amount of light
absorbed by the object, and reflectance is constant (at least with respect to the
densitometric set up described), it follows that transmittance is inversely
proportional to optical density. For a quantitative argument, refer to Bouguer's
and Beer's laws for direct, and the Hurter-Driffield Curve for indirect proof19/165.
To convert the arbitrary densitometric units of density into a meaningful
measure of glucose uptake each film was analyzed with respect to an
accompanying commercially manufactured set of graded densitometric
standards, each having a specific amount of radioactivity, and accordingly a
specific optical density. Standard curves were plotted (Fig. 11) for each film plate
to assess mathematical congruency with the brain structures labeled, i.e., the
autoradiographs were judged acceptable if and only if the structures labeled fell
within the linear portion (between shoulder and heel) of that particular film's
calibration curve (density vs. specific activity). Having met this criterion, the
structures were then assigned values of 2-DG content according to the equivalent
[14C] content of the standards. Because there are a number of variables that may
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be expressed from animal to animal, different blood glucose values, variant film
processing, etc., each structure was assigned a density value and a corresponding
14C content value relative to its own brain's corpus callosum, i.e., the gray/white
(G/W) ratio 2/102/162/163. To asses the difference, if any, between controls and
experimental animals, I have listed the percent change
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Figure 11. A representative calibration curve for a particular radiographic plate.
It was derived from densitometric data points which correspond to particular
[14C] standards of defined specific activity(nCi/g). The error bars depict the
standard error, while the equation predicts the line that is best expressed through
the data points. R is the correlation coefficient of the predicted line.
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in 2-DG uptake (density) of experimental structures from control homologous
structures in the form of a Control: Experimental G/W ratio (GW ratio of
experimental / GW ratio of control = G/W* ratio) (Tables II & III).
According to stimulating electrode location, and whether or not the animal
received a stimulation through this electrode, the subjects were sorted into three
groups. Group One comprises those subjects that had an electrode placed in the
dorsal raphe or PORE but received no stimulation before, during, or after the 2DG circulation period. The animals in this group are referred to as sham
controls. Group Two comprises those animals that did receive stimulation in the
dorsal raphe during and after the infusion of 2-DG, a one hour period. Animals
in this group are referred to as the experimental subjects. Group Three are those
animals that received stimulation in the pontine reticular formation, nucleus
oralis, while 2-DG was circulating in the animal for one hour. Animals in this
group are stimulation controls.
Results
Histologic assessment indicated that all subjects' dorsal raphe nuclei
received the stimulating electrode, with the exception of three animals whose
electrode tips were found to lie laterally, in the PORE (Fig. 12).
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To determine the relative importance of the reported raphe-hippocampal
pathways (see Introduction), a number of brain structures previously noted in
the context of electrophysiology and tracer methods were analyzed.
All analyzed gray-matter structures exhibited a general increase in 2-DG
uptake as a result of dorsal raphe stimulation (Table II). This confirms previous
findings that the dorsal raphe, not unlike the ascending reticular formation,
sends efferents throughout the forebrain115'116. if we presume that the relative
changes in optical density reflect the relative change in local rate of metabolism,
then the structures showing the highest average density deviation from control
animals will represent the structures most influenced by the dorsal raphe.
Perusal of Table II reveals that among extra-hippocampal structures the
cingulum, median raphe, dorsal raphe, medial forebrain bundle, lateral septal
nuc., diagonal band of Broca, reticular thalamic nucleus, and nucleus accumbens
are the structures most affected by dorsal raphe stimulation. That the nucleus
accumbens represents a major projection (in fact, the highest increase in
metabolic rate was observed in this nucleus) from dorsal raphe is shown
pictorially, together with a representative section from a control and a PORF
brain, in Figs. 13 and 14. There is more than a threefold increase in the
accumulation of 14C (Fig. 14) in the lateral septal nucleus when compared to the
accumulation 14C of in the medial septal nucleus. Thus the 2-DG data indicate
that the lateral septal nucleus receives a functionally more significant input from
the dorsal raphe than the medial septal nucleus.
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Figure 13. Anterior cerebrum indicating significant increases in 2-DG
accumulation relative to control (topmost photo) for animal #15 in the nucleus
accumbens (ACB). Photo #7 shows the uptake pattern of a PORF animal and
where it differs from the other two (control and dorsal raphe). Compare the
difference between the ACB and surrounding neural tissue, in this respect animal
#13 shows the most striking difference. ACC, anterior cingulate cortex; CC,
corpus callosum (forceps minor); RF, rhinal fissure; ACA, anterior commissure.

70

Figure 14. Sections at the level of the septal complex showing increased uptake
in the experimental dorsal raphe animal #13 of 2-DG in the lateral septal
nucleus(LS), cingulum(ACC), bed nucleus of the stria terminalis(BST) while the
accumulation of 14C appears to be decreased in these structures for animal #7
the PORF subject. Photo #19 is a control.
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That the magnitude of the 2-DG uptake patterns are dependent upon the
intensity with which the dorsal raphe was stimulated is illustrated in Fig. 15 and
in Table I. This indicates that as the effective dorsal raphe stimulus intensity
increases the cerebral glucose utilization increases proportionally. This was
found to be true when all structures measured were averaged.
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Figure 15. A curve showing relative increases in 14C mean concentration levels
of designated structures measured in dorsal raphe stimulated animals. The line
is a regression line, together with its equation and correlation coefficient R. See
Table I for tabulated values.

The small aperture of the densitometric reading device allowed numerous
discrete and specific measurements of density of the various fields of the
hippocampus. The Table II lists the grouped measures. Again it can be seen that
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TABLE II. Mean Gray/White(G/W) ratios for control animals and for experimental
animals that have received 60 minutes of electrical stimulation in the dorsal raphe
nucleus (± = standard error)(p < 0.01 for all structures listed). The percent
increase in 2-DG accumulation is expressed as a simple controllexperimental
ratio, [(G/WexP)/(G/Wctrl)-1] x 100, and is provided as a percent difference from
control values. This is the observed "% effect".

Structure
CA 1 & 2
CA 3 & 4
drsl H cal ,2
drsl H ca3A
vntl H cal^
vntl H ca3A
D H Rcal^
D H 1x31,2
V H Real,2
VH 1X31,2
D H Rca3,4
D H Ixa3,4
V H Rca3,4
V H Ixa3,4
DEMTATE

Control(G/W)
1.64
2.01
1.62
2.03
1.66
2.00
1.55
1.69
1.62
1.69
2.05
2.02
2.08
1.96
2.00

±0.01
±0.3
±0.10
±0.34
±0.11
±0.26
±0.11
±0.14
±0.15
±0.09
±0.31
±0.35
±0.28
±0.26
±0.22

D. Raphe Stim.
2.92
3.37
3.03
3.41
2.83
3.34
3.21
2.95
2.57
3.03
3.29
3.51
3.49
3.26
3.66

±0.02
±0.19
±0.18
±0.19
±0.23
±0.21
±0.24
±0.19
±0.16
±0.29
±0.24
±0.16
±0.26
±0.22
±0.28

% Effect
78
68
87
68
71
67
107
75
58
80
60
74
68
66
83
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every measured substructural field within the hippocampal formation was
affected by dorsal raphe stimulation, the neuron field most affected being the
dorsal hippocampal CA i&2Unlike the dorsal raphe stimulated subjects, the PORF animals did not
show increases in 2-DG uptake in all structures measured, nor were the uptake
patterns the same. In PORF animals the structure which exhibited the greatest
change in uptake from control was the zona incerta. There was also a disparity
between the two experimental groups in that the structure that showed the
minimum change from control values in the PORF group was not the same
structure that showed the lowest metabolic rate, i.e., of those measured the gray
matter structure most likely not to be effected by PORF stimulation is the ventral
hippocampus CAi&2- The structures showing the lowest metabolic rate as a
consequence of PORF stimulation was the septohippocampal nucleus(SHN),
followed by the cingulate bundle. Relative to controls these structures actually
showed density changes consistent with relative hypometabolism. Regarding the
PORF group, the densitometric changes in the hippocampus relative to controls
are not striking (Table III). The structure with the greatest deviation from control
2-DG uptake is the dentate gyrus, with only a moderate increase in metabolic
rate, followed by the dorsal hippocampal (right) CA 3&4, and the dorsal
hippocampal (left) CAi&2- However, in the case of the dorsal hippocampal (left)
CAi&2, the deviation from control values is in the direction of decreased
metabolic rate.
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Discussion
The existence of a raphe-hippocampal pathway has been previously
documented 713,14,17,18,31,36,91 ^

stucjy outlines the functional pathway from

TABLE III. Mean (±SEM (statistically significant difference at p< 0.01))
Gray:White(G/W) ratios for control subjects and for experimental subjects that
have received 60 minutes of electrical stimulation to the PORF. The percent
increase in 2-DG accumulation is expressed as a ratio, [(G/WeXp)/(G/WctrlM] x
100, and is provided as a percent difference from control values.

Structure

Control (G/W)

CA 1 & 2
CA3 & 4
drsl H cal,2
drsl H 033,4
vntl H cal,2
vntl H ca3,4
D H R cal,2
D H Leal,2
VHRcal,2
V fi Leal,2
D H Rca3,4
D H Lca3,4
V H Rca3,4
V H Lca3,4
DEHTATE

1.64
2.01
1.62
2.03
1.66
2.00
1.55
1.69
1.62
1.69
2.05
2.02
2.08
1.96
2.00

±0.01
±0.30
±0.10
±0.34
±0.11
±0.26
±0.11
±0.14
±0.15
±0.09
±0.31
±0.35
±0.28
±0.26
±0.22

PORF Stim.
1.56
2.12
1.48
2.22
1.79
2.08
1.51
1.48
1.73
1.62
2.32
2.16
2.03
2.11
2.28

±0.10
±0.23
±0.15
±0.46
±0.11
±0.07
±0.29
±0.11
±0.17
±0.11
±0.35
±0.54
±0.03
±0.14
±0.19

% Effect
-4.8
5.7
-9.0
9.4
0.1
3.8
-2.9
-12.7
6.8
-3.9
12.9
6.7
-2.1
7.6
14.1
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specifically the dorsal raphe, by indicating the structures along its projection that
increase their metabolic activity as a result of dorsal raphe stimulation. Activated
structures include: medial forebrain bundle, diagonal band of Broca, nucleus
accumbens, lateral septal nucleus, cingulate cortex (from precomissural to
retrosplenial), and the entorhinal cortex. In many respects our results coincide
with those of other laboratories that have used other methods to visualize this
pathway. Alternatively, our data also show that the mere presence of physical
connections, as is documented in previous studies (see below), may not indicate
the most metabolically significant associations. For example, our work generally
agrees with that of Conrad et al., and Azmitia and Segal, who reported that the
dorsal raphe projects to the ventral hippocampus and to the lateral septal nucleus
via the medial forebrain bundle. However, we found that metabolically the
dorsal hippocampus is more responsive to dorsal raphe stimulation than the
ventral hippocampus 14,31 . We also found that cingulate bundle metabolism
responds briskly to dorsal raphe stimulation, a relationship that has been
ascribed more to the medial raphe by tract-tracing techniques 14.
Whether the increased metabolic activity in the dorsal hippocampus is due
to retrosplenial cingulate shunting as is reported for the median raphe is not
discernible at this time. However it has been noted that the retrosplenial
cingulate does appear to contribute input to the ventral (temporal) hippocampus
(Fig. 16). These results are in accord with others who have found hippocampal
evoked potentials upon stimulating the cingulate gyrus 79,83-85

77

E •"
O c.

m'
CD

5 S’

C/D

° 2 CD g
Q_ CD -0 O
0
0 =>
-•—• CD ■•—’
E £^ O
h:

CD

co
—
°8 =3
CO g
^ O
JT —
O E

CO £
O Q) 13 ^

CO .-^
CD O)
XI C
O CD
CO "O

2 -o
Q. CD
Q. V)
CO CO
CD

Q- O E W

« ^ TO S

<1 ^ 2
- ®^8
|.? ■§ 8
CD Z CD C/)

B o o 9= Q g
c c
CD — O (0 j§ D
E o
■5Z C W t5 o c
<; CD .C/3 -Q
Q. .2
X co
CD

fI O

=3

| ^ i5

c .E £ LL “ O)
CD c E DC co ^
o o 03 O "o 2
O 'CD n_ CD CO
x:
c
0) o
CD Z
XI

XT

Q. CD
CO -C
CO

-O

:o

c:

I1
<

c i? TO 2 X
O

.■ti
■tz*

«: B ® TO.® 8
13
— p
co .E
V. — C CO
'■i=
E CD O to CO c

m ^ W IE
o -Q q
CO QC 55
E T3 3 §
CD O ^ CD ^ C

2 a:

CD X=

■D

Z

CD

c

o co £ £ ” ld
g C■D
03 C 0)
o .2
a> ® a
3 ©a

£5
CD
CO
fU
TO

o
C

CD c co

13
p O D3T3
£ -p 0)
CD CM
t« E ■O
^
'CD

E CD ^ -Q

uJ TO -O 2
_

<k-d

CD

O "O .CD

co
2 co
o *“
cd E,
"r -0
o
i— ^ O ^ cz

3 O CJ)
^ t
D) "O CD "O _C0 E

^ o" | 1 I

® X

I §> | I i t
o
- 2
c
o o
co E

°
o °
o

79
The possibility does exist, however, that the functional relationships so
noted result from second-order activation, since it is known that the dorsal raphe
sends a significant number of its efferents directly to the median raphe,60'61
which may in turn activate the dorsal portions of the hippocampus. Indeed the
median raphe 2-DG uptake is even greater than the dorsal raphe. However, this
possibility is remote in view of the consensus that 2-DG uptake patterns
represent primary projection activity 2'162'163. Also, if the dorsal or ventral
hippocampus were being activated by the same route as the previously-noted
median raphe projections 14,103, then one would expect to see increases in uptake
of the anterior hippocampal rudiment (induseum griseum), as the median raphe
efferent fibers containing tritiated proline are shown there in the work of Azmitia
and Segal’s Fig. 214 (contrast with our Fig. 14).
Moreover many other structures known to be activated either by the dorsal
raphe alone or the median raphe alone did not manifest crossed responses (select
terminals visualized as a result of dorsal raphe injection of radiolabled amino
acid did not overlap with the median raphe projections, and vice versa)1*'17'18.
Our results are also consistent with electrophysiologic studies that show evoked
potentials from CAi of the dorsal hippocampus in response to dorsal raphe
stimulation 7.
The possibility does exist that by nature of current spread, outlying
structures from the primary stimulation site, such as the median raphe, would be
affected. For the reasons enumerated above this does not seem likely in view of
the fact that there is not complete collusion (concordance) of known pathways for
both median raphe and dorsal raphe nuclei, i.e., real differences exist between
predicted uptake patterns for dorsal raphe and median raphe stimulation and
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actual dorsal raphe stimulation alone 31. Lastly, Azmitia and Segal did show that
there was, albeit a less densely labeled pathway, a contribution to the dorsal
hippocampus from the dorsal raphe. Judging from their omission of this
pathway in their summary drawing, there appears to be uncertainty concerning
its functional significance.
Our results also confirm those of others that the dentate gyrus receives a
significant projection from the dorsal raphe, although no difference was noted
between dorsal and ventral dentate uptake (Table II and Fig. 17).
The main conclusion to be drawn from the PORF data is that the 2-DG
uptake patterns represent a real difference from control animals and from dorsal
raphe stimulated animals. There are large differences in hippocampal uptake
patterns between the PORF-stimulated and dorsal raphe-stimulated animals.
These differences are reflected by electrical stimulation outside of the direct
raphe system of neurons. They also show the lack of association of second order
neurons and 2-DG uptake. While there is a slight increase in median raphe
functional activity the expected increase in the medial forebrain bundle does not
occur, instead a coincident decrease in medial forebrain bundle metabolic rate
occurs.
Conclusion
The raphe system has been strongly associated with the induction of slow
wave sleep and altered behavioral states 29/71/82,i49,153 gasecj on the results of this
study and the findings of others, the existence of a possible role for the raphe
nuclei in biasing/modulating hippocampal function appears to be definite. Yet
an objective measure of the physiologic utility of the raphe-hippocampal
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Figure 17 Autoradiographs of Coronal sections at the level of the dorsal
hippocampus. Note that in the dorsal raphe animal (#13) there is a relative
increase in CA3 and cingulate gyrus uptake. The PORF specimen (7) indicates a
relative increase in the subthalamic nuclei(STH), the zona incerta(ZI), and CAs^ .
Number 19 is the control animal.
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Figure 18. Stained histological sections corresponding to the section
levels of Fig. 10 A: Animal # 13 = dorsal raphe stimulated animal; # 7 = PORF
animal; # 19 = control animal., subthalamic nuclei(STH) and the zona incerta(ZI).
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pathway continues to be elusive. It may well be that the main influences of the
dorsal raph£ upon the hippocampus is to modulate the assimilation of present
events and past memory associations or perceptions during various states of
sleep.

CHAPTER THREE
EXPERIMENT II: THE EFFECT OF DORSAL RAPHE
ELECTRICAL STIMULATION ON AMYGDALA AND
HIPPOCAMPAL KINDLED SEIZURES IN THE RAT

Materials and Methods
Subjects: Twenty-eight adult Sprague-Dawley male rats (250-274g at the
time of surgery) were used in this study. The rats were anesthetized with
intramuscular injections of ketamine (ketalar) (100 mg/kg) and xylazine
(Rompun) (20 mg/kg). If needed, anesthesia was maintained with supplemental
doses of ketamine (10 mg/kg) i.m. A prophylactic dose of antibiotic was given
intramuscularly (procaine penicillin G) 220,000 units/kg in 0.4ml.
Controls: The control preparation consisted of subjects receiving the same
surgical procedure, electrode placements, and test procedures except that the
control animals did not receive any dorsal raphe stimulation 8'16/76/161. This
provided a general baseline against which the long-term effect of daily dorsal
raphe stimulation could be evaluated.
Operative procedure: The anesthetized rats were prepared by shaving the
dorsal aspect of the head and judicious application of a topical antiseptic agent
(betadine). After attainment of complete anesthesia the animals were placed
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in a stereotaxic device (David Kopf Instruments, Tujunga CA). A longitudinal
incision was made in the dorsal scalp to expose the underlying periosteum and
calvarium. After scalp reflection, bregma was determined for electrode-tip
reference. The calvarial entry site was determined and craniotomy was done,
with care taken not to disrupt the underlying dura or cortical tissue. The
stimulating electrode consisted of two twisted strands of 150 Jim diameter
insulated stainless steel or platinum iridium wire (A-M Systems, Inc.) cut
perpendicularly to the longitudinal axis, and fitted with a miniature amphenol
plug. To best achieve the proper angles and the electrode tip localization at
depth, Narishige electrode carriers were used (models SM-11 and SM-15, Medical
Systems Corp., N.Y.). Each animal had a chronic basolateral amygdaloid nucleus
stimulating electrode inserted vertically via stereotaxic coordinates, in mm: A=3.3; L=4.8; H=8.8 to bregma (incisor bar set at -3.3 mm). The rostral hippocampal
stimulating electrode was inserted vertically via coordinates in mm as follows: A
= -3.5; L = 3.0; and H = 3.5. The dorsal raphe stimulating electrode placement
was via stereotaxic coordinates, in mm: A=11.8; L=0.00; H=7.4 at an angle of
32.83° from the vertical, posterior to anterior, so as to avoid puncture of the
confluence of sinuses with resultant massive hemorrhage113.
Stainless steel jeweler's screws (0.056" diameter (5004.G)) were placed in
the skull to serve as anchors for the mounting media, and the anterior screw
(which was secured over the contralateral frontal cortex) was used as an
indifferent recording electrode. Once the electrode was placed at depth the
electrode socket was secured to the skull with methyl methacrylate bone cement
(How Medica Inc., Rutherford, N.J.). The surgical wound was then closed with
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3-0 silk suture, topical antibiotics applied (Neosporin ointment), and the animal
was returned to its home cage, where water and food was available ad lib.
Instrumentation: Amygdaloid or hippocampal activity was recorded
differentially between the tips of the twisted fine-wire electrodes and, also in
monopolar fashion between a single strand of the electrode and ground, and the
second strand and ground, filtered (band pass of 3 Hz-lOKHz), amplified (Grass
7PS11 EEG amplifier), and sent to EM tape drive with time code generator
(Ampex PR2200 at 7.5 ips and Datum time code generator 9300), and utilizing the
Grass EEG apparatus for real-time visualization of amygdaloid/hippocampal
activity and gross waveform analyses (frequency, amplitude, occurrence).
Stimulation current was provided by a Tektronix 2601 mainframe with the
appropriate plug-ins (a rate/ramp generator(26Gl), a ramp generator(26G2), and
a pulse generator(26G3), with a differential amp(26A2)) and isolated by a
Tektronix 2620 stimulus isolator configured to deliver biphasic pulses to the
kindled site (hippocampus or basolateral amygdaloid nucleus). The stimulus to
the dorsal raphe was provide by a Grass model Sll stimulator via two stimulus
isolation units (SIU8TB) which drove a WPI constant-current stimulus isolator
(model A365). Both stimulator subgroups were routed through a constructed
timing/relay device for electronic activation of the relays and time circuitry
appropriate to the stimulation trial. (Appendix II)
Kindling: On the fifth to the tenth post-operative day the daily electrical
stimulation of the amygdala or hippocampus was initiated. The subjects were
stimulated once daily utilizing a constant current stimulator (stimulus
parameters: 1 sec, 60 Hz biphasic pulses, at 400 [iA). EEG recordings were taken
continuously for several minutes before and after delivery of the seizure-evoking
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stimulus. EEG was recorded via a Grass 8-channel model 7 EEG machine. The
animals were kindled daily until tonic/clonic stage 5 121seizures were induced on
four consecutive daily trials, i.e., "fully kindled"93'104"106.
Seizure threshold determination and data analysis: The method of
afterdischarge(AD) threshold determination was a modification of that described
by Freeman and Jarvis 55. This was done after the subjects were fully kindled,
and entailed starting the kindling stimulus at some value estimated to be well
below the AD threshold. After delivering the initial ineffectual stimulus, the
current intensity was subsequently increased incrementally by 20 jjA until an AD
was elicited. The following day the AD threshold trial was begun three 20 |iA
current steps below the previous day's AD threshold. The average of five days
AD thresholds was taken to be the animal's baseline AD threshold. It was
reasoned that since the occurrence of AD is the neuronal event that calls into play
the synchronous firing, and given the small step increase in the stimulating
current used to determine it, this measure would probably represent the
approximate activation level of the critical mass of the epileptogenic focus. If this
were true, then increasing the stimulus intensity one step above the average
baseline AD threshold would always elicit a generalized tonic-clonic seizure.
Indeed this was the case; hence, this reliably indicated the kindled "seizure
threshold". Many but not all subjects exhibited propagated ADs that recruited
large neuronal aggregates resulting in a generalized seizure at the "AD
threshold". This new value representing the seizure threshold was used to evoke
a single seizure each day for five consecutive days, during which baseline EEG
and several behavioral indices were noted and recorded. The subjects that
exhibited stable one-stimulus seizure elicitation (SS) and AD thresholds (ADT)
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during this fifteen day period following kindling stability were randomly
assigned to four experimental groups: 1) amygdala-kindled, with raphe
stimulation (n = 13); 2) hippocampal-kindled, with raphe stimulation (n = 7); 3)
amygdala-kindled, without raphe stimulation (n = 6); and 4) hippocampalkindled, without raphe stimulation (n = 3). Groups three and four served as
controls. Group one, amygdala kindled with raphe stimulation, was divided into
two subgroups: 1) a brief raphe stimulation group (n = 5); and 2) an extended
raphe stimulation group (n = 8)(see below).
The dorsal raphe nucleus was electrically stimulated utilizing 10Hz
biphasic pulses, 1msec pulse width, and 300 jiA in intensity, as these parameters
had been found to be the most efficacious in eliciting dorsal raphe dependent
basolateral amygdaloid inhibition 168. The temporal relationship of the dorsal
raphe stimulation to the baseline amygdala or hippocampal seizure-evoking
stimulus was varied in terms of duration of dorsal raphe electrical stimulation.
The recent literature is replete with examples of electrophysiological and
behavioral assessment of seizure modification efficacy. Table IV list some of
these experimental methods (Table IV).
Utilizing the electrographic and behavioral record, the specific changes in
the electrophysiologic response secondary to dorsal raphe stimulation during
various phases in the pre-ictal, ictal, and postictal periods were noted. With the
use of computer analysis, we specifically noted the variation in seizure threshold,
seizure duration, afterdischarge (AD) duration, AD threshold, and ictal changes.
The appropriate waveform, spike-train, and nonparametric statistical analyses
were applied to these data.56'74,131 We also correlated the EEG response to
observed changes in behavioral response.
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TABLE IV
number of afterdischarge(AD) stimulations required to produce the
seizure 137,139
kindling inhibition vs. acceleration42*80
anticonvulsant vs. proconvulsant effects, increases in AD duration160
time course of wet shakes90
latency to AD onset154
pattern of seizure development33
kindling facilitation45
induced status epilepticus-time course and occurrence98
number of fully kindled AD and duration of generalized seizures114
seizure severity and AD duration64
Table IV. Historical experimental measures of anticonvulsant efficacy.

Each animal participated in one of nine different stimulation trials which
when grouped together represented a statistically meaningful population to be
compared to the other eight experimental groups. The experimental stimulation
trials were randomly presented, with the exception of the first and the last, the
initial baseline period and post-raphe-stimulation redetermination of baseline
(recycling) respectively. This procedure effectively controlled for any changes in
the seizure parameters that might have resulted from the daily dorsal raphe
stimulations delivered during the course of the experiment. Also, the recycling
took into account the possibility of a long-term effect of daily dorsal raphe
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stimulation by comparing the baseline AD threshold to the post-experiment AD
threshold (recycling) 74.
Experimental design: Following the determination of the baseline seizure
stimulus indices, the animals were then divided into two experimental groups
which corresponded to hippocampal and amygdala-kindled animals which were
to receive dorsal raphe stimulations in temporal proximity to the seizure-evoking
electrical stimulus. There were also two groups which did not receive dorsal
raphe stimulation but were paired with the experimental animals and stimulated
using the same experimental criteria. The '"experimental" animals were then
randomly placed in dorsal raphe stimulation trial categories and given one
kindling stimulus per day. The dorsal raphe stimulation categories were devised
as follows: an antecedent dorsal raphe stimulation of one minute duration (prior
to but not including the immediate post-stimulation period) noted as
experimental seizure antecedent one minute (ESA1 or simply El), ESA3, ESA6,
ESA12, or ESA24,3 minutes, 6 minutes, twelve minutes, or 24 minutes
respectively. The rationale for the magnitude of the duration steps is that the
dorsal raphe effect, if modulatory, would likely require prolonged stimulation
times to be identified 30 and the steps were closer together early on and spread
out later on in the trials to allow for greater resolution with the shorter dorsal
raphe stimulation times.
Although the electrical stimulation is admittedly gross, it was felt that the
response to dorsal raphe stimulation would likely be closer to the "physiologic
ideal". By this I mean that if the dorsal raphe is an important native seizure
modulator then it would likely show this action at stimulation times similar to
the length of the evoked seizure (approximately two to three minutes). If the
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dorsal raphe effect is seen at durations far beyond the supposed native dorsal
raphe activation period than it is likely to be due to the extent of the difference
between the physiologic nature of the electrical stimulation (which admittedly is
artificial) and the true physiology of the efferent connections and special-event
related firing patterns of the dorsal raphe. Each experimental animal received
two to three separate stimulations at each trial duration (a random event). After
all the trial categories were completed, the animals were then recycled daily
(beginning the next day) without dorsal raphe antecedent stimulation to
redetermine the electrically induced seizure indices.
Histologic verification: Following the completion of data acquisition the
animals were euthanized (urethane anesthesia) and perfused through the heart
with normal saline followed by a 10% formalin and 5% sucrose-buffered solution.
Their brains were then removed and prepared histologically for electrode tip
localization (Appendix III).
Statistical methods: The nature of the data was such that many stimulation
trials for each stimulation group of animal was numerically analyzed. The size
and asymmetry of the sample required the use of non-parametric statistics. The
best general measure of statistical accountability for a small sample size of
unequal group sizes with three or more different experimental groups is the
Kruskal-Wallis test, where the null hypothesis is that the sample means between
the groups studied are the same145. The analysis of variance (ANOVA) was used
because a single factor, microelectric stimulation, was used for classifying the
data. Another advantage to ANOVA is that a large set of treatment means can be
analyzed at once, providing a threshold of statistical significance for a particular
type of treatment (in this case the length of the dorsal raphe stimulation)145. The
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The following table (Table V) shows the number of animals in each of the
dorsal raphe placement groups.

Dorsal Raphe Groups

Number of Subjects

Midline Intra-Raphe placement

8

Lateral Intra-Raphe placement

6

4
Extra-Raphe
Table V Electrode placements separated by groups and the number of animals
in each group.

All animals were found to have kindling electrodes in the intended locus,
either in the dorsal hippocampus or the basolateral amygdaloid nucleus (Fig. 20).

Behavioral and Electroencephalographic Changes
General behavioral observations
The electrical stimulation of the dorsal raphe evoked a set of characteristic
behavioral changes. These are related to a state of agitation that was noted to
occur approximately one to two minutes after the dorsal raphe stimulation was
begun. The specific behavior noted was an extreme state of agitation in which
the animal nervously explored every portion of the stimulation box. Other
behaviors included jumping repeatedly, an exaggerated startle response,
incessant sniffing, and either clockwise or counterclockwise rotatory ambulation.
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Fig. 20. Histologic section showing the kindling site in the Hippocampus (A) or
the basolateral amygdala (B).
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There were some animals, however, that did not respond to the dorsal raphe
stimulation in this characteristic manner. These //non-responsive,/ animals
usually lay quietly or went to sleep during the dorsal raphe stimulation period.
Of the eighteen animals that received dorsal raphe stimulation, 87%
exhibited agitation, 60% rotation, 40% incessant jumping or leaping, 23%
evidenced no agitation, and 10% exhibited agitation without direction
predominant ambulation.
Specific behavioral and EEG observations
As noted earlier, the behavioral changes that were considered to be
important with respect to a functional inhibition of kindled seizures were of two
categories: 1) those behavioral indices related to the ictal period; 2) and those
behavioral indices related to the postictal period. The noted ictal period behavior
scale was the seizure-severity, rated according to a modification of the Racine
seizure severity scale 121. This scale as I have used it, refers to the progressive
recruitment of greater 'Volumes" of brain parenchyma during the ictal event.
Stage 0 is a state in which the animal stands motionless and repetitive spikes
(which occur at a frequency of greater than 1 Hz) are noted on the EEG. In stage
I there is rhythmic contraction of the facial musculature (usually manifested by
clonic chewing), together with the occurrence of rhythmic EEG monophasic
spikes. Stage II emerges when the behavioral magnitude of the seizure increases
to the point of clonic head nodding, while the EEG indicates spiking activity.
Stage IE is said to occur when the animal exhibits contralateral forelimb clonus
(whether or not rearing occurs) and EEG spikes are noted. Stage IV occurs when
the animal demonstrates bilateral forelimb clonus (with or without rearing) along
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with EEG spikes. And lastly the most severe seizures, stage V, are those in which
quadripedal clonus, the loss of postural control (falling over) occurs.
It is important to note that a stage V seizure that results from hippocampal
kindling is slightly different from that which arises from amygdala kindling125.
Hippocampal kindled-animals tend to maintain a wide-based sitting posture
which prevents the animal from falling over. However, during this stage
bilateral pinning of the ears and bilateral hind limb tonus occurs 26. As the
animal progresses to more severe seizure stages the musculature that was
involved in the preceding stages tends to exhibit tonic motions, with the
exception of the limb musculature. For example, as the animal progresses from a
stage II to stage IE seizure, the clonic head nodding converts to tonic neck
extension. As implied by the above statement, not only do the animals exhibit
progressive seizure severity during the kindling process but they also display
this orderly progression of the stimulus induced convulsion after they have been
fully kindled. Hence, the severity of the seizure relates to the orderly spread of
epileptic discharge activity from the stimulated neuronal aggregate to
downstream follower foci.
The effect of concurrent dorsal raphe stimulation on kindled seizures was
noted in several important ways. The effect on the occurrence of the behavioral
manifestations and the quantification of the seizure was recorded for each
subgroup of subjects (Fig.. 21). In general, the effect of dorsal raphe
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■ DR CTRL-BLA SS/Sz Sev
II DR CTRL-BLA ADT/Sz Sev

Figure 21. Kindling controls, seizure severity. This graph shows a control
basolateral amygdala kindled animal. Seizure severity = Sz Sev; Seizure
stimulus trial = SS; afterdischarge threshold = ADT; Recycling = recyc; Baseline
= BL. The black column represents the percent change in seizure severity from
baseline values when the predicted seizure evoking stimulus is given. The gray
column represents the percent change in seizure severity from baseline values
during the cycling period. Note that the elicitation of afterdischarges does not
always lead to a generalized seizure (see text). These stimulation trials represent
the group of control animals which did not receive a dorsal raphe stimulation.
One minute dorsal raphe stimulation trial = E1; three minute stimulation trial = E3;
six minute stimulation trial = E6; twelve minute stimulation trial = E12; twenty-four
minute stimulation trial = E24.

stimulation on the elicitation of the behavioral action was to decrease the
likelihood of its occurrence. This tendency toward seizure inhibition was seen in
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both hippocampal and amygdaloid kindled animals. Thus the dorsal raphe
stimulation suppressed the seizures even when an experimentally proven seizure
evoking stimulation was delivered to the kindled site (Fig. 22).

■ gen DR SS/Sz Sev
H gen DR ADT/Sz Sev

Figure 22. Effect of dorsal raphe stimulation on kindled seizure severity. This
graph reveals the change in seizure severity that occurred secondary to the
electrical stimulation of the dorsal raphe in all kindled animals, the dorsal raphe
was stimulated for varying lengths of time. As the duration of the dorsal raphe
stimulation increased, the severity of the seizure decreased. The seizure severity
approached the baseline values at the end of the trial when no dorsal raphe
stimulation was given.
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The modified Racine scale of seizure severity121 was used to determine the
efficacy of the dorsal raphe stimulation on seizure inhibition. The dorsal raphe
was electrically stimulated for a predetermined length of time prior to the
delivery of the stimulus which was known for that particular animal to incite the
most severe stage of tonic-clonic convulsion. As previously described the animal
was not placed in this experimental group if it did not exhibit, reliably, a full
stage five seizure each and every time it was given a seizure stimulus. Thus if
any variation is noted in what was determined to be an invariant event then the
occurrence and degree of variance must be attributed to the single variable that
was changed in relation to the previously invariant event, in this case the most
severe stage of seizure, stage 5.
The preceding dorsal raphe stimulation was maintained at the same
stimulus intensity for all trials in this set of experiments. The duration, however,
was altered to reveal relative efficacy of the dorsal raphe stimulation in each
animal. This type of data in actuality provides a basis for creating a doseresponse curve. The dose-response curve was defined for each type of rat
kindling, the hippocampus and the amygdala.
The hippocampal group of experimental animals revealed a greater seizure
inhibitory response with dorsal raphe stimulation than did the amygdala kindled
animals. These differences were demonstrated in two major ways. First, the
seizure severity was diminished from the initial baseline value of a full stage 5
tonic-clonic generalized convulsion to less severe seizure, stage 2 or below which
corresponds to a focal motor seizure or no seizure behavior at all (Fig. 23) 48,56,105.
Secondly, the dorsal raphe stimulation time required to bring about the major
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Figure 23. Hippocampal kindling midline dorsal raphe stimulation group. As the
stimulus duration increases the seizure severity decreases and falls to zero
between E6 and E12. Note that the seizure severity approaches baseline values
when no dorsal raphe electrical stimulation is given (recycling) at the end of the
dorsal raphe stimulation trials.

change in seizure inhibition was significantly shorter (p < 0.01 Newman-Keuls)
for the hippocampal animals than for the amygdala animals (Fig. 24). These two
observations indicate that, in terms of the occurrence of a convulsion, the
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hippocampus receives more efficient inhibitory serotonergic influence from the
dorsal raphe. Whether this is related to the number of serotonergic fibers
ascending to the hippocampus from the dorsal raphe or whether the relative
density of serotonin receptors on the hippocampal kindled cellular aggregate is
the main determinant cannot be resolved from these data.

l

■ DR Med.-BLABLA SS/Sz Sev
L

■ DR Med.-BLA ADT/Sz Sev

|l|
E6

E12

E24

recyc

Figure 24. Amygdala kindled midline dorsal raphe stimulation group: seizure
severity. Note a reduction in seizure severity with increasing dorsal raphe
stimulation times as with the hippocampal kindled animals. However the
amygdala kindled animals continue to show generalizing seizures with maximal
dorsal raphe stimulation times.

It is also likely that the differences in kindled site response reflects the
differences in "seizure-proness"99 of the two sites. The amygdala is considered

106
more seizure prone than the hippocampus because it kindles at a faster rate, in
terms of the number of AD evoking days required to elicit a stage 5 convulsion.
Also, with an adequate electrical stimulus, the amygdala-kindled animals
progress to a stage 5 level with shorter latency than the hippocampal-kindled
animals (Fig. 25). This latter fact would effectively decrease the "period of
inhibitory influence", from any source, onto the amygdala bursting neuron
aggregate. Hence, the rapid escalation of the convulsion to maximal severity and
the naturally shorter acquisition time of the kindling effect, both imply that the
synaptic changes that occur in kindling are "stronger" and have a more direct or
widespread output from the kindled site of the amygdala than from the
hippocampus 63/t 19,126,140^^ 26, compare with Fig. 25).
The kindling phenomenon likely involves changes in the synaptic efficacy
of the structures involved as has been previously outline (chapter I). The
hippocampus has a well defined structural architecture which is composed of
characteristic synaptic elements. The amygdala's structural detail is such that the
inhibitory and excitatory elements are not as clearly defined but are present in
tangible numbers. The efficacy of these excitatory and inhibitory elements are
expected to express their functional qualities differentially depending on which
site has been kindled. The expression of the convulsion is ordinarily invariable
and once the parameter has been defined will allow an assessment to be made of
the "convulsive power of the neuronal neuronal aggregate". This convulsive
power can be assessed by noting the change in the behavior associated with the
seizure. The role that the dorsal raphe plays on the inhibitory and excitatory
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elements can be assessed by the effect that dorsal raphe electrical stimulation has
on the appearance of the seizure itself, land the various noted characteristics of
the seizure. As will be discussed below the hippocampus tends to have a greater
armamentarium of inhibitory elements that participate in limiting the occurrence
and spread of the seizure then the amygdala.
The hippocampus is known to have powerful intrinsic inhibitory elements
that are activated by previous and repeated seizure evoking stimulations 104d59
Amygdala-kindled animals also show a degree of inhibition relative to the
frequency of delivery of the seizure stimulus; however, the post-seizure
inhibitory period is shorter and requires a greater number of stimulations before
it is seen 109. Shortening the interstimulus interval results in a reduction in
seizure severity, reduces the afterdischarge duration, and causes a relative
elevation of the stimulus current necessary to elicit a convulsion (seizure
threshold)66'119. Because there is an apparent differentiation between the
robustness of the intrinsic inhibition of the hippocampus and the amygdala, it is
possible that the differential effect of dorsal raphe stimulation on these two
groups of animals is due to augmentation of this intrinsic inhibition 110d33
Within the hippocampal kindled group there was a subgroup of subjects
that did not have midline dorsal raphe electrode placements. These electrode
placements were noted to be greater than 0.1mm lateral to the midline. The
result of stimulating the 'lateral dorsal raphe" on hippocampal behavioral
seizures is illustrated in Fig. 27. The results indicate that there is no significant
difference between dorsal raphe stimulation trials (E1,E3, E3...E24) (p>0.8,
ANOVA), that irrespective of the duration of the antecedent
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off-center dorsal raphe electrical stimulation generalized seizures always occur,
and that this response is significantly different from those hippocampal kindled
animals stimulated at the dorsal raphe midline (p < 0.01, ANOVA).
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Figure 27. Hippocampal kindled animals; dorsal raphe effect on seizure
severity. In contrast to the midline dorsal raphe stimulation group, the off-center
dorsal raphe stimulated animals indicate no significant difference from baseline or
recycling seizure severity values.

Control and extra-raphe stimulated animals also did not show related
changes in the probability of seizure occurrence or a reduction in seizure severity
scale (Figs 21 and 28). These two groups of animals never reflected a behavioral
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change from the baseline of generalized seizures to focal motor seizures or from
the baseline of generalized seizures to complete seizure inhibition.

m XR-BLA SS/Sz Sev
H XR-BLA ADT/Sz Sev

Figure 28. Extra raphe stimulation effect on amygdala kindled seizure severity.
Dorsal raphe stimulation has no effect on the seizure severity of amygdala
kindled animals.

Changes in the length of the seizure ictus secondary to dorsal raphe
stimulation was noted for each stimulation trial. These changes were recorded
for the instances when the animal was given only one stimulation on that
particular day of the experiment and not when the animal was placed in the
cycling or recycling challenge for determination of the AD threshold. This is an
important distinction because it is known that a subthreshold electric stimulus
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presented prior to an effective kindling stimulus has the effect of lowering the
threshold of the kindled site to ADs and seizures120. In light of this subthreshold
facilatory effect it was felt that a preceding stimulation would confound the
dorsal raphe effect by enhancing the epileptogenesis of the kindled site, resulting
in an underestimation of the inhibitory modulation. In addition to serial
antecedent subthreshold electrical stimulation, a supra-threshold AD evoking
electrical stimulation, if repeated, would result in evoking intrinsic inhibitory
mechanisms resulting in an overestimation of the inhibitory modulation of the
dorsal raphe on kindled seizures 94'i20,i25
It was found that the effect of dorsal raphe stimulation on the duration of
the electrically evoked kindled seizure is also inhibitory. The seizure AD
duration was determined by noting the time interval between the delivery of the
seizure stimulus and termination of EEG spikes (AD) and the behavioral
manifestation of the seizure. Operationally if the AD spike frequency fell to less
than 1 Hz then this was also deemed the termination of EEG spikes (Fig. 29).The
inhibitory response of the seizure AD duration is illustrated by the percent
change in seizure AD duration with progressively longer dorsal raphe
stimulation trials. Again, the greatest inhibitory result was obtained in the
hippocampal-kindled animals. They showed a relative decrease in the duration
of the ictal AD period. This dorsal raphe-evoked decrease in AD duration falls to
statistically significant levels (p < .01 at E3, Kruskal-Wallis) from between one
and three minutes of dorsal raphe stimulation, and reaches its nadir between six
and twelve minutes (Fig. 30). The observation that "complete" inhibition of the
hippocampal kindled focus results from dorsal raphe stimulation is also noted in
this particular example.

115

>
•q_ 03 <0
0)
O)
03
-C
-§ "O "O
0-503 0 o
^ 0) E
o O
x: CD . 9 Q. 03
9--00^0

g
t

(rt

! •

03

#=.

g Q. O ^ W g
'® (0
o 9 c

E ■£ §> o -feL E
>>! £ -D 2 E
S >, S ° TO ^
ffi
O
H
■
CD

®5
CD CO
E CD o
O JZ
o
0)

52
O -O
■Q CD
®
»- CL
® (0

o
JD

>^
0 • C

CD O
O Q-

>

O< I

c

^ “ =o O i 2
O -T-J 03 O
CD 9 CD "O
O 03
c

o

c
“I § 10 ^

03 ZT 03 O —

g

0
CO

CD

O
o
O)
03

13 o
c
c CO
q>

$
m
ro
c
g)
Q.

2 £ §> °

co
o
o
o
O
c
O
—

l N §>3 I

CD
^
®
■o
®
JO.

« 8 §>E =5 §
® ® o
c :£ c .9

® -Q
o ®

> O 1^ §>I
I g»g £D 03<«

t3 'p -o g n ® S’ ! g- “
>
CO -^=
<
9
CD .9
03

O CD
O

*_ __
>N o. ^

03
O

a B<ij S C° sOO„

iie 0
O

03

0

o> 5 g> E "S .£

CM

CO
~
^

E — 5
Q. CO $
CD O c

®
(O
CO

»§r
s § b
O n CO ^ C

Li_

116

117

■ DR Med.-Hippo SADD%:bsl

120
100806040 H
20 H
OH
BL

I

T

i

E1

T

E3

E6

E12

E24

recyc

Figure 30. Midline dorsal raphe stimulation group of hippocampal-kindled
animals: seizure AD duration. As the dorsal raphe stimulation time increases in
duration the length of the seizure AD period decreases.

The amygdala-kindled animals also revealed a progressive decrease in
seizure AD duration with increasing dorsal raphe stimulation times (Fig. 31). As
with the changes noted to occur with seizure severity, the changes noted in the
amygdala kindled animals following dorsal raphe stimulation are less robust
than with hippocampal kindling. A smaller decrease from baseline levels than
the hippocampal animals was noted; also a delay in the appearance of the dorsal
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raphe efficacy nadir between the twelve and twenty-four minute dorsal raphe
stimulation time was seen.

^ DR Med.-BLA SADD%:bsl

Figure 31. Midline dorsal raphe stimulation, amygdala kindled group: seizure
AD duration. As the duration of the dorsal raphe stimulation increases the length
of the seizure AD period decreases. This decrease in AD period differs from the
hippocampal group in that there is a smaller absolute change from baseline
levels for the amygdala kindled animals.

The dorsal raphe electrode placements that were lateral to the midline did
not show the changes that correspond to inhibition in this particular
hippocampal subgroup. In fact there were no statistically significant changes
noted at any dorsal raphe stimulation duration. The relative absence of the
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dorsal raphe inhibitory effect was also seen in animals with electrode placements
completely outside of the dorsal raphe ( such as the central gray), and in animals
which had dorsal raphe electrodes placed correctly but were not stimulated
(control animals) (Fig. 32).
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Figure 32. The effect of off-center dorsal raphe stimulation and unstimulated
controls on the seizure AD duration (SADD). Composite chart of the off-center
dorsal raphe stimulated (A), extra-dorsal raphe hippocampal (B) and amygdala
(C) animals, and the control animals (D). This graph indicates the relative lack of
effect of electrical stimulation on the seizure AD duration (SADD) when the
electrode is placed outside of the center of the dorsal raphe or when no midline
dorsal raphe stimulation is given in amygdala kindled animals.
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The above observation of relative differences in dorsal raphe effectiveness
in inhibiting seizures and in decreasing the seizure AD duration indicates that
the probable effect on the expression of kindled seizures is on, or closely
associated with, the neuronal aggregate excited directly by the kindling stimulus.
I say this because it is known that once a critical mass of neurons has been
recruited within the kindled focus, the satellite neuronal aggregates that are
synaptically connected are then recruited as the neuronal activity builds, a
process referred to as seizure generalization1/3. When the preponderance of the
neuronal firing escalates to some critical quantity, structures outside of the
kindled site are recruited. This spread of seizures to related motor structures
occurs in a predictable and orderly fashion, and is the same irrespective of the
site of limbic kindling or the type of seizure-evoking stimulus (local irritant or
electrical stimulation) bs^ioo jf

p0int 0f conversion from a local seizure

phenomenon to seizure generalization is basically the same in all limbic seizures,
and a similar dorsal raphe inhibitory difference exists among disparate limbic
foci then the difference in response to dorsal raphe electrical stimulation is
probably due to differences at or near the site of kindling electrical stimulation.
Supporting this view is the observation that additional experimental
indices also revealed the disparity of dorsal raphe effect between hippocampusand the amygdala-kindled animals. A measure of the time course of two
fundamentally different ictal periods can be measured utilizing the EEG. These
periods roughly correspond to the behavioral manifestations of convulsive two
states, namely the generalized and focal seizure. The two EEG periods are the
monomorphic ictal spike period (MISP) and the polymorphic ictal spike period
(PISP). The MISP consists of two components, the early and the late MISP.
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Operationally, the monomorphic ictal spike period is the AD or ictal spike
duration of a single spike type. The monomorphic ictal spike period is measured
from the beginning of the seizure-evoking stimulus to the occurrence of
polymorphic spikes (early monomorphic ictal spike period). Because the large
monomorphic spikes are effectively averaged at the recording electrode tip, they
tend to "disappear" during seizure generalization, only to reappear during the
late ictal period, usually during or immediately after the resolution of the
generalized seizure. The end of the late monomorphic ictal spike period was
observed to always herald the end of the ictal period (the ictal period includes the
presence of electroencephalographic ADs and the behavioral manifestation of
seizure activity, hence postictal behavioral depression (vide infra) is not the
synonymous with a stage 0 seizure even though motor stasis is the predominant
behavior in both).
Figure 33 illustrates the early monomorphic ictal spike period and the late
monomorphic ictal spike periods with an intervening polymorphic ictal spike
period. Implicit in the description of the polymorphic ictal spike period is that it
represents the secondary generalization of seizure activity from the primary
focus, which in this case is the site of applied kindling electrical stimulation. As
the animal transitions from a focal to a generalized convulsion so does the EEG
transition from the end of the early monomorphic ictal spike period to the
polymorphic ictal spike period. The utility of the EEG characterization of these
ictal transitions is that it allows accurate determination of the propagation
sequence and recruitment characteristics of the primary kindled focus.
Conversely the time spent in generalization can also accurately be
determined. The monomorphic ictal spike periods are experimental measures
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which were devised because if they occur they can be seen and therefore
measured. It is likely, for reasons stated above, that the monomorphic ictal spike
period in actuality extends throughout the ictal period. This means that its
apparent disappearance is an experimental artifact due to signal averaging at the
electrode tip (the electrode tip can act as a band-pass filter based on the
properties of the electrodes used (impedance and capacitance) and the signal (in
this case EEG) frequency). Another observation regarding the polymorphic
period is that during this time of down-stream neuronal recruitment, secondary
foci can generate self-sustaining (albeit with a finite time course) epileptic
discharges which are not detected by the kindled-site recording electrodes. The
effect would be attenuated rapid EEG potentials which feed back onto the
primary focus resulting in a prolongation of the associated ictus. Therefore, the
polymorphic period is really the main EEG determinant of seizure generalization,
and the monomorphic ictal spike period provides an accurate, if indirect,
experimental measure of this generalization (the difference between the
monomorphic ictal spike period and the total AD duration is equal to the
monomorphic ictal spike period).
As stated above, the AD threshold determination paradigm does not
always result in propagated epileptiform discharges. If the current delivered to
the kindled aggregate is insufficient to recruit the entire entrained neuronal
populous ("critical mass"), then only a limited number of neurons will burst in
synchrony. This bursting synchrony is manifested by the spikes seen on the EEG.
These EEG spikes which represent a limited number of neurons, in terms of
"recruitment power" cannot propagate outside of the immediate environs of the
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stimulating electrode tip and in time the ADs cease without substantial
propagation. This phenomenon is illustrated in Fig. 33. Recruitment power can
be influenced by the excitatory state of the neuronal aggregate at the time of
applied kindling stimulus 136'1677 by the inhibitory state of the intemeuron pool
associated with the kindled focus 94'95, and by physically altering the circuitry to,
from, and back to the primary kindled focus 46'127'158.
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Figure 34. Control amygdala kindled animals: monomorphic ictal spike period
(MISP). This illustrates the change in relative proportion of the MISP throughout
the kindling period. No dorsal raphe stimulation was given during the trial
segments.
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Figure 36. Extra dorsal raphe stimulated amygdala kindled animals:
monomorphic ictal spike period. This illustrates the change in relative proportion
of the monomorphic ictal spike period (MISP) of the seizure AD duration as the
dorsal raphe stimulation times increased. Extra dorsal raphe amygdala kindled
group = XR-ELA; monomorphic period as a percentage of the seizure AD
duration = MIS % ADD; seizure AD duration as a percentage of the baseline
value = SADD %: bsl.

During the various seizure trials (ESA1-ESA24, baseline, and recycling of
the seizure) the monomorphic ictal spike period was noted. As Figs. 34 and 36
respectively indicate, a significant change from baseline levels for the
monomorphic ictal spike period was not noted along any of the days of kindled
seizure elicitation for control animals or during any "dorsal raphe" stimulation
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trials of hippocampal kindled animals that had their dorsal raphe stimulating
electrode located in an extra raphe site (Fig. 35).
By contrast, the hippocampal-kindled animals that underwent midline
dorsal raphe stimulation trials revealed marked changes from control animals
and animals stimulated in a site other then the dorsal raphe proper. As the AD
duration rapidly declined with progressively longer-duration antecedent dorsal
raphe stimulations, the monomorphic ictal spike period showed a coincident
rapid increase in the percent of the total AD period. The maximum
monomorphic ictal spike period percentage of the total AD period was 97%, and
occurred at the six-minute dorsal raphe stimulation envelope. After the peak in
monomorphic ictal spike period, percent the AD duration's fell to zero. The
difference between the shorter duration dorsal raphe stimulations (no
stimulation, ESA1, and reSS) were not statistically significant (p>.08, ANOVA).
The results for the hippocampal kindled animals which received lateral
(off midline) dorsal raphe stimulations show only a partial effect (Fig. 37). These
animals showed a modest decline in total AD duration, and with this a modest
increase in the percent of the overall monomorphic ictal spike period for
increasing dorsal raphe stimulation times. Of interest is that after the
monomorphic ictal spike period reaches its peak at approximately three minutes
it proportionally declines with the AD duration. This may represent the
secondary activation of direct central raphe inhibitory afferents from other
structures such as the locus ceruleus157, or median raphe 9/36, or terminals
involved in fpedback inhibitions from the dorsal raphe itself 5/71/157/161.
The amygdala kindled animals again show a fundamental difference in
their response to dorsal raphe stimulation prior to kindled seizure elicitation. As
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Fig. 38 shows, the changes in monomorphic ictal spike period tend to follow the
changes in total AD duration. The decline in AD duration is associated with a
decline in percent monomorphic ictal spike period. This is distinctly different
from the dorsal raphe/hippocampal effect which indicated a reciprocal
relationship between antecedent dorsal raphe duration time and AD duration.
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Figure 37. Off-center dorsal raphe stimulated hippocampal kindled animals:
monomorphic ictal spike period. This illustrates the change in relative proportion
of the MISP of the seizure AD duration as the dorsal raphe stimulation times
increased. Off-center dorsal raphe hippocampal kindled group = DR Lat.-Hippo;
monomorphic period as a percentage of the seizure AD duration = MIS % ADD;
seizure AD duration as a percentage of the baseline value = SADD %: bsl.
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With respect to the amygdala kindled animals this represents proportionate
increase in extra-amygdala seizure activity.
As useo in this study, the AD threshold is the "point" at which a defined
current intensity elicits ADs from the kindled focus. The size of the current steps
used to determine the AD threshold is the primary determinant of the resolution
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Figure 38. Midline dorsal raphe stimulated amygdala kindled animals:
monomorphic ictal spike period. This illustrates the change in relative proportion
of the MISP of the seizure AD duration as the dorsal raphe stimulation times
increased. Midline dorsal raphe amygdala kindled group = DR MED-BLA;
monomorphic period as a percentage of the seizure AD duration = MIS % ADD;
seizure AD duration as a percentage of the baseline value = SADD %: bsl.
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of this measure. Because current steps of 10 to 20 \iA were used, the resolution of
the '"threshold window" was expected to be 9 to 19 micro amperes at its greatest
"dimension". In actuality the threshold window is smaller because the preceding
ineffectual stimulations have the effect of lowering the threshold 66'94d06,i20
resulting in a functional retraction of the threshold window.
This can be illustrated by the following example. If the native AD
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Figure 39. Effect of midline dorsal raphe stimulation on seizure AD threshold:
hippocampal kindled animals. As the duration of dorsal raphe stimulation
increased so did the magnitude of the AD eliciting stimulus increase. After
discharge threshold percent of baseline values = AD Thr % : osl.
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threshold is 82 jjA and the cycling trial is begun at 60 |iA and incrementally
increased by 20 |iA. Then the measured AD threshold will likely be at 80 |liA
(rather than 100 fiA) because the preceding stimulations would change the native
AD threshold to an experience-related AD threshold. This new threshold level is
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Figure 40. Effect of midline dorsal raphe stimulation on seizure AD threshold:
amygdala kindled animals. As the duration of dorsal raphe stimulation increased
so did the magnitude of the AD eliciting stimulus increase. AD threshold percent
of baseline values = AD Thr % : bsl.

expected to be stable, however, because the experience is the same on each day of
cycling (vide bupra).
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An exception to this scenario occurs when the animal performs in an
''unexpected" way, and the experimenter cannot start the cycling three current
levels below the threshold level; this happens when the kindled site is inhibited.
This problem would in actuality tend to lower the experience-related AD
threshold, in effect making any measured inhibitory changes more significant.
The effect of this property on the cycling experiments is that it increases the
"experimental contrast" because inhibitory effectiveness in this context is defined
by higher AD thresholds (if it is easier to evoke ADs because a prior stimulus
was given, then it is more difficult to see inhibitory changes based on the
occurrence of ADs under the same pre-stimulation conditions, and for inhibition
to be manifested it must overcome "easy excitability").
In the AD determination trials, cycling was performed on all experimental
animals after dorsal raphe stimulations were done for various durations, as
described above. The hippocampal and amygdala kindled animals both
exhibited inhibition as the AD threshold was noted to elevate following dorsal
raphe stimulation. The hippocampal kindled animals again revealed a greater
quantifiable deviation from the pre-dorsal raphe stimulation baseline levels than
the amygdala kindled animals. The hippocampal animals produced at least a
four-fold increase from baseline values in the AD threshold at the six-minute
dorsal raphe stimulation level, whereas dorsal raphe stimulation in the amygdala
kindled animals produced less than a three-fold increase in AD threshold, which
did not occur until the twenty-four minute dorsal raphe stimulation trial. Other
differences between the two groups, hippocampal and amygdala, are that the
inhibitory effect of dorsal raphe stimulation on hippocampal kindling occurs
early and plateaus from the six to the twenty-four minute dorsal raphe
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stimulation times, whereas the amygdala group shows a gradual, progressive
increase in inhibitory effectiveness with successively longer dorsal raphe
stimulation times (Figs. 39 and 40).
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Figure 41. Effect of off-center dorsal raphe stimulation on seizure AD threshold:
hippocampal kindled animals. As the duration of dorsal raphe stimulation
increased there was no significant change in the magnitude of the AD eliciting
stimulus. AD threshold percent of baseline values = AD Thr % : bsl.

The subgroup of lateral dorsal raphe stimulated animals and control
amygdala kindled group of animals did not show significant differences from
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each other or with respect to daily electrical stimulation of the lateral dorsal
raphe or to just daily cycling respectively (Figs.. 41 and 42).
The extra-dorsal raphe stimulated group of amygdala kindled animals
indicated a reversal of the inhibitory effect by an actual decrease in AD threshold
with greater dorsal raphe stimulation times. Because the electrode placements
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Figure 42. AD threshold for control animals: amygdala kindled animals. No
dorsal raphe stimulation was delivered and there was no change in the AD
threshold through time. AD threshold percent of baseline values = AD Thr % :
bsl.
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for this group were mainly in the central gray one would expect that electrical
stimulation at this site would activate the endorphin/opiate system which has
been shown in drug studies to affect ictal phenomena in such a manner as to
increase seizure-proness and inhibit postictal events, which effectively decreases
the likelihood of seizure recurrence (Fig. 43) 26/56.
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Figure 43. Extra-dorsal raphe stimulation effect on AD threshold in amygdala
kindled animals. There is a relative decrease in AD threshold with increasing
duration of dorsal raphe stimulation in amygdala kindled animals. As most of the
electrode placements were in the periaqueductal gray this may represent an
endorphin effect26.
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A generalized seizure has associated with it a period of postictal behavioral
depression 4,56. If an experimental animal, or human being with a seizure
disorder, has only a focal motor seizure then there is no associated postictal
behavioral depression. Therefore it is reasonable to postulate that as the volume
of brain cells involved in the propagation of seizure activity increases the more
likely will be the occurrence of a postictal behavioral depression period. It can
also be reasoned that the duration of the postictal behavioral depression is
related to the strength of the generalized seizure. An inhibited seizure, as we
have thus far seen, is more difficult to initiate, lasts for a shorter time, and tends
to generalize for a shorter time. From this set of observations, the conclusion can
be drawn that as seizure inhibition increases in efficacy the postictal behavioral
depression period will decrease. The following experimental measure relates the
efficacy of dorsal raphe stimulation to the inhibition of the kindled site.
Both the hippocampal and amygdala kindled animals evidenced a decrease in
the postictal behavioral depression period from their respective control levels.
The hippocampal group showed the most profound decline in terms of the
greater rate of change, with successively increased dorsal raphe stimulation times
and in terms of the complete abolition of the postictal behavioral depression
period at the E6 level (Fig.. 44). The amygdala group of kindled animals also
indicated inhibition but to a lesser degree than the hippocampal animals. The
rate of decline in the postictal behavioral depression period was more gradual
(longer dorsal raphe stimulation times were required to effect modest change in
the PIBD period), and the absolute percent of decrease from baseline levels was
less than the hippocampal kindled experimental group (Fig.. 45).
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The hippocampal subgroup, which consist of lateral dorsal raphe
stimulated animals, also showed a general decline in postictal behavioral
depression period which diminished with longer dorsal raphe stimulation times
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Figure 44. Midline dorsal raphe stimulation and it’s effect on post ictal
behavioral depression in hippocampal kindled animals. As the duration of dorsal
raphe stimulation increased the postictal behavioral depression (PIBD) period
decreased. From E6 to E24 the PIBD period was completely absent. During the
recycling trials the PIBD period reappeared and approached the baseline values.
The ordinate is the percentage of the baseline values for each dorsal raphe
stimulation trial (Fig.. 46). The main difference between the dorsal raphe midline
stimulated group and the off-center dorsal raphe stimulated group is that the offcenter stimulated group had a more gradual inhibitory slope.
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The control animals, the extra-dorsal raphe stimulated animals of both the
hippocampal and amygdala kindled groups did not indicate a statistically
significant de/iation from baseline values (Fig.. 47).
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Figure 45. Midline dorsal raphe stimulation and it’s effect on post ictal
behavioral depression in amygdala kindled animals. As the duration of dorsal
raphe stimulation increased, the PIBD period decreased. The PIBD period never
fell to zero, even though demonstrable suppression of the PIBD period was
noted. During the recycling trials the PIBD period approached the baseline value.
The ordinate is the percentage of the baseline values for each dorsal raphe
stimulation trial.
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Discussion
Electrical stimulation of the dorsal raphe nucleus inhibits kindled seizures
in the rat. The mechanisms by which this occurs can be postulated by the
experimental responses in this set of experiments. Because the experiments
involved animals that were grouped based on the position of the dorsal raphe
electrode and the kindling site, we are able to derive a clearer view of the dorsal
raphe role in seizure inhibition. The data indicate that the central portion of the
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Figure 46. Off-center dorsal raphe stimulation and it’s effect on post ictal
behavioral depression in hippocampal kindled animals. As the duration of the
dorsal raphe stimulation increased, the PIBD period indicated a slight decrease.
The ordinate is the percentage of the baseline values for each dorsal raphe
stimulation trial.
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dorsal raphe is responsible for the dorsal raphe-induced inhibition of seizures.
This is in keeping with the work of Agajahnian and others5,157,161 who showed
that direct midline stimulation gave differential effects on evoked responses in
the amygdala.
We have seen that in terms of seizure inhibition midline or central dorsal
raphe stimulations led to inhibition on all indices of epileptogenesis. By contrast,
stimulation of the lateral or off-center portion of the dorsal raphe in hippocampal
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Figure 47 Extra-raphe stimulated and control animal postictal behavioral
depression. Extra dorsal raphe stimulated (A) hippocampal kindled animals,
extra dorsal raphe stimulated (B) amygdala kindled animals and dorsal raphe
control animals (C) did not show evidence of effecting a meaningful increase in
the postictal depression period.
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kindled animals led to a more restricted set of seizure inhibition indices, namely
the seizure AD threshold, the MISP, and postictal behavioral depression. I will
speculate as to the reasons why these observations occurred.
It is known that the central and rostral regions of the dorsal raphe nucleus
contains the main serotonergic projection to the forebrain 5/157,161. It is also
known that the lateral and caudal regions of the dorsal raphe nucleus receive
inputs from other areas of the brainstem, such as the locus ceruleus, and that
these parts of the dorsal raphe nucleus also receive serotonergic modulatory
feedback fibers (feedback inhibition). Knowing the above, one would expect that
differential dorsal raphe electrode placements would result in differential
responses. It is clear from the data that the midline vs. lateral dorsal raphe
distinction previously seen in unit cellular recordings holds as well for the dorsal
raphe effect on kindled seizures. It is interesting that off-center dorsal raphe
electrical stimulation resulted in a kind of inhibition limited to secondary
postictal behavioral manifestations, but not the occurrence of the seizure, or the
strength of the seizure once it had occurred. Only the midline dorsal raphe
stimulations of hippocampal kindled animals were able to totally overcome the
recruiting power of the epileptic neuronal aggregate.
That the passage of current into the region of the dorsal raphe from offcenter electrodes was insufficient to elicit an inhibitory response is seen by
comparing the relative differences between the dorsal raphe stimulated animals
with those stimulated outside the dorsal raphe. For both hippocampal and
amygdala kindled animals the extra-raphe electrode placements did not reduce
seizure indices. In fact the extra-raphe animals were not statistically different in
their responses to kindled seizures from the control animals, which had dorsal
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raphe electrodes placed but received no electrical stimulation. Therefore, the
inhibitory effect on kindled seizures can be ascribed only to stimulation of the
dorsal raphe.
Stimulation of the center of the dorsal raphe led to seizure inhibition. This
dorsal raphe-seizure inhibition relationship was not //all-or-none,,; rather it was a
graded phenomenon which increased as the stimulation of the dorsal raphe
increased. Stimulation of the raphe nuclei leads to the production and release of
serotonin. The serotonin effect on seizure inhibition was seen to be "doserelated". As the duration of the dorsal raphe stimulation increased so did
kindled seizure inhibition. This was true in both hippocampal and amygdala
kindled animals. However, the hippocampal animals consistently indicated a
greater sensitivity by displaying inhibitory responses to shorter duration dorsal
raphe stimulations, and by exhibiting a greater deviation from baseline seizure
values when antecedent dorsal raphe stimulations were delivered. The
amygdala animals had a less fervent seizure inhibitory response. While the
seizure severity was less than baseline values in dorsal raphe stimulated
amygdala kindled animals, the seizures were nevertheless evoked, and longer
dorsal raphe stimulation times were necessary to show significant seizure
inhibition.
Postictal behavioral depression declined with increasing dorsal raphe
stimulation duration. Again, a differential inhibitory response was seen with
respect to the hippocampal versus the amygdala kindled animals. In terms of the
duration of postictal behavioral depression as a function of the dorsal raphe
stimulation duration ,the slope of the curve was seen to be steeper for the
hippocampal kindled animals than the amygdala kindled animals. Also, there
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was an absolute inhibition manifested in the total absence of the hippocampal
postictal behavioral depression as opposed to residual amygdala kindled
postictal behavioral depression, even with the longest dorsal raphe stimulation
times.
Within the framework of my hypothesis, the monomorphic ictal spike
period as measured here indirectly represents the generalization time, and hence
reflects the "recruitment power" of the epileptogenic aggregate. As the
recruitment power increases, the neurons firing synchronously increase. This
increase in synchronous "mass" results in the spread of seizure activity. The
initial stimulation was entrained, through the kindling process, to provide the
"first push" by creating a defined burst of seizure activity; this is why I took great
pains to insure that the initial push, the seizure-evoking stimulus utilized a
defined and constant magnitude of current for each animal 171'172
The momentum of the seizure mass carries the activity to the "gateway of
generalization", a set of local events. The inertia of this moving wave of
synchronous activity builds with time, and is a reflection of the recruitment
power of the epileptogenic focus. The self-sustaining nature of the epileptogenic
focus is partly dependent upon feedback from the distant recruited neural
structures. If the recruiting power of the kindled site is diminished, then the
mass and distance of neuronal recruitment will diminish, and the ictal and
immediate postictal responses will also diminish. This is why the relative
proportion of the generalized EEG activity decreases with the most effective
dorsal raphe stimulation. This is also why postictal behavioral depression
decreases with the most effective dorsal raphe stimulation.
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The question then is why do hippocampal kindled seizures respond
differently to dorsal raphe stimulation than do amygdala kindled seizures? The
data provide insight into several possible answers to this question. First, the
hippocampus could have a greater number of serotonergic fibers from the dorsal
raphe affecting its function than does the amygdala. Second, the hippocampus
could have a proportionately larger number of the inhibitory class of serotonergic
postsynaptic receptors (5-HTia) than facilatory serotonergic receptors (5-HTib)
relative to the amygdala. Alternatively, the differing character of hippocampal
circuitry itself may be responsible for seizures of longer duration with a more
gradual escalation of seizure severity. This, in turn may make hippocampal
seizures subject to longer inhibitory influence than amygdala seizures which
crescendos and decrescendos more rapidly.
That the observed effect need not be secondary to the indiscriminate
passage of current to surrounding structures is supported by the fact that
electrical stimulation of the midbrain reticular formation in close proximity to the
dorsal raphe (2mm) does not have a demonstrable influence on the kindled
amygdaloid seizures 87 • Also, effective current spread at the present stimulus
parameters utilizing bipolar electrodes is unlikely for the following reasons: 1)
the 2-DG study, which utilized bipolar electrodes to stimulate the dorsal raphe
did not produce functional changes outside the projection fields of the dorsal
raphe; 2) stimulation of the PORF for one hour produced different 2deoxyglucose uptake patterns in the forebrain when compared to stimulation of
the adjacent dorsal raphe; 3) effective current spread is minimized by the use of
bipolar electrodes; the estimated current spread for a 200 microsecond cathodal
monopolar pulse at a current of 300 |iA is a distance of only 0.5mm122.

CHAPTER FOUR
CONCLUSION

Seizures are known to be state-dependent. People with epilepsy are known
to have seizures during wakefulness or during sleep and there is little overlap
between these two groups of individuals 136. A likely candidate for the neural
origin of this observation is the raphe nuclei, which consist of at least 9 different
nuclear entities. The dorsal raphe produces most of the serotonin in the brain.
Its serotonergic function has been shown to be responsible for the noted sleep
induction properties of the dorsal raphe nucleus. Because there are stated to be
more connections from the median raphe nucleus to the hippocampus than from
the dorsal raj he, an earlier paper reported the effect of median raphe electrical
stimulation on kindled seizures. However, the problem with median raphe
electrostimulation is that it is not the origin of the main serotonergic pathways to
the forebrain. To answer the question of the existence of significant innervation
to the limbic forebrain structures from the dorsal raphe, we conducted a
metabolic study. We discovered that indeed there was a significant alteration of
glucose metabolism in the hippocampus and basolateral amygdaloid nucleus
when the dorsal raphe was stimulated.
The hippocampus and the amygdala were kindled and in these two groups
of animals the dorsal raphe was stimulated. The overall effect of this dorsal
raphe stimulation was to inhibit the kindled seizures. The efficacy of the kindled
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seizure inhibition varied depending on the location of the electrode tip within the
dorsal raphe and upon the site of kindling. In addition to the differences in the
time course and seizure proness of the kindled site, the metabolic study indicated
that the functional interrelationship between the hippocampus and the dorsal
raphe was greater than between the dorsal raphe and the amygdala.
The combined results of this work clarifies the role of the dorsal raphe in
the inhibitory modulation of kindled seizures in the rat limbic system.
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APPENDIX I
THE RELAXATION OSCILLATOR

Considering the flow of electric current and taking into account the
characteristics of the time constant as mentioned in chapter one we can construct
an electronic device that produces a regularly and repeating waveform148. This
device is a simple circuit and relates to the properties that are shared by the nerve
neuron membrane, resistance, capacitance, and an electromotive force (battery or
membrane potential (Vm).
A gas at low pressure acts as an insulator 148 If two electrodes of opposing
charge are placed in this gaseous medium the insulating effect of the gas
prevents the flow of current from one electrode to the other. As the charge
difference between the two electrodes increases a critical value is met and the gas
suddenly ionizes. Ionization of the gas changes the electrical behavior of the gas
exhibited by a sudden drop in resistance. Because the resistance drops current
flows from one electrode to the other. Now if we place a sealed tube around the
electrodes and fill the tube with a gas such as neon, and then place a capacitor
across the electrodes on the outside of the neon filled tube the following would
occur. As the capacitor is being charged by the battery the charging process
continues without interruption. But as the plates on the capacitor reach the
critical voltage for ionization of the neon gas in the tube then the current flows
between the two electrodes in the gas tube and the capacitor discharges its stored
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energy across the electrodes. The amount that the capacitor discharges is a
function of the properties of the gas in the tube. The capacitor continues to
discharge until the voltage falls below some value which corresponds to the
return of the gas to the unionized state (Fig. 48). When the ionization of the gas
ceases then the capacitor begins to charge again and the process repeats itself
resulting in a voltage oscillation at the capacitor (and burst of light from the neon
tube). As you can see, the frequency of the oscillation is dependent upon the
time that it takes the capacitor to charge up to the critical voltage of gas
ionization. This simple device is known as a relaxation oscillator.
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Figure 48. Neon-tube oscillator circuit (A) and waveform (B). The figures are
explained in the text. R = resistance, V = voltage, and C = capacitance148.
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The analogy holds because as you can see the membrane characteristics
that lead to repetitive firing are similar. That is the nerve neuron membrane has
associated with it an electromotive force (Vm), a capacitance, a resistance, a time
constant, and a triggerable response (the action potential). And as the slope of
the charge time (the product of the membrane resistance and the membrane
capacitance) of the postsynaptic membrane increases above some critical value
so then does the frequency of that nerve cells firing increase.

APPENDIX II
KINDLING INSTRUMENTATION BLOCK DIAGRAM

Figure 49. The kindling apparatus. The following block diagram illustrates the
devices used to construct the kindling apparatus and how they were
interconnected to create a functional unit.
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APPENDIX III
HISTOLOGIC RECIPES

Histology
Fixative
Neutral Red Counterstain method
Solutions: 1% aqueous sol. of Neutral Red = 1 gm Neutral red/100 ml dist. H20.
pH 4.8 Acetate Buffer
Add 4.8 ml pH buffer/100 ml aqueous stain sol.
TECHNIQUE
After sections are cut, mounted, and dried they are immersed in staining
solution for 3.5 min. Then they are washed in three changes of distilled water for
five seconds each. The sections are then dehydrated rapidly for 10 seconds in
progressively higher concentrations of ethanol ( 70%,95%, 100%, and another
100% bath). Next the sections are cleared in xylene, and cover-slipped with
mounting media.
Acetate Buffer recipe:
1.0 M sodium acetate = 82 grams/liter H2O = 8.2 grams/100 cc H2O
Add 1.0M Acetic Acid to buffer solution until 4.8 pH is achieved.
(Approx. 30 ml Acid/400 ml buffer)
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Microslide Gelatin coating:
A. 0.1% Acromium Potassium Sulfate
1.0 % Gelatin/100 ml distilled H20
B. Add 0.5% gelatin (Baker Lab Grade) to 100 ml distilled water and bring close
to a boil. Stir until completely dissolved then add a few crystals of phenol
(prevents mold) and pour through paper filter.
Saline Sol: 9 gm/lL dist. H2O or 0.9 gm/100 ml.

APPENDIX IV
PHOTODENSITOMETER
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Figure 50. Circuit diagram of photo-densitometer.
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The above is the electronic circuit diagram of the photo densitometer. The
italicized part numbers correspond to the manufactures part numbers. The parts
can be obtained at most small electronic shops. The photo-detector was mounted
on the projection screen of a macro viewer in such a fashion as to detect light
from a specific portion of the object being viewed (Fig. 51). DVM = digital
voltmeter; A & B = LM1458. This circuit is a modification of the circuit created by
Bryant and Kotyna 23. The differences allow for shorter "settling" times and
smaller measurement oscillations. This projection system is a new concept and
design.
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Figure 51. Densitometric set-up, consisting of macroviewer outfitted with special
viewing screen that responds to transmitted light which corresponds to the brain
structure projected onto a small area, a microdensitometer which provides a
numerical correlation of the transmitted image, and a computer (Apple
Macintosh™) to store and analyze the many data points assessed per structure
evaluated.
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